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ABSTRACT
Finned tubes that are widely used in heat exchangers could be susceptible to the flow-excited
acoustic resonance that generates intense pressure fluctuations, which may lead to premature
fatigue failure of the tubes. This thesis explores the unsteady flow development around
circular finned tubes and its role in the excitation of acoustic resonance. Finned cylinders
with same effective diameter (De f f ), fin pitch (p), fin thickness (t) and a range of diameter
ratios between 1.25≤ Df /Dr ≤ 2.5 are considered. Results from the PIV measurements at
Re = 20000 demonstrated that the extent of the recirculation region decreases downstream
of the finned cylinders when the diameter ratio increases due to higher flow entrainment
between the fins. The frequency spectra of the streamwise velocity fluctuations showed that
the temporal evolution of the vortex shedding in the wake becomes more periodic when
the diameter ratio of the finned cylinders (Df /Dr) increases. Moreover, the strength of the
vortices increases significantly in the wake. The increase in the flow entrainment in between
the fins leads to a pronounced reduction in the random velocity fluctuations in the near
wake of the cylinders.
The three-dimensional flow development and structural loading on the finned cylinders
are studied using Large Eddy Simulation. In addition to the flow entrainment mechanism in
between the fins, another entrainment mechanism in the near wake is found to be caused
by the downwash flow induced by an array of edge vortices that generate at the tip of the
fins. The RMS of the fluctuating lift coefficient increases significantly on the surface of the
finned cylinders due to a reduction in the vortex formation length and enhanced vortex
strength. Moreover, the increase in skin friction on the surface of the cylinders, as a result of
the higher flow entrainment, causes a significant increase in the drag coefficient for finned
cylinders with larger diameter ratios (Df /Dr).
The results from the aeroacoustic response show that the excitation of acoustic resonance
in the case of finned cylinders occurs at lower flow velocities compared to that of bare
cylinders. This is mainly due to the existence of more energetic vortex shedding in the wake of
the finned cylinders. Moreover, the normalized acoustic pressure generated during resonance
excitation increases significantly as a result of an enhanced vortex strength and a reduced
vortex formation length. Phase-locked particle image velocimetry (PIV) measurements
during resonance excitation reveal that the global effect of the fins on the vortex shedding
affects the location of the acoustic sources and sinks in the flow field as well as the energy
transfer mechanism between the flow and the sound fields.
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The flow around a circular cylinder in cross-flow is frequently encountered in many en-
gineering applications such as heat exchanger tube bundle, offshore oil riser, suspension
cable of bridges, etc.. As a result, over the last decade a surge of studies related to the flow
characteristics around isolated bare cylinder can be found in the literature [1–3]. In com-
parison, fewer studies have been done in the literature regarding flow development around
more complicated geometries (e.g. step cylinders, wavy cylinders, finned cylinders). The
finned cylinder is one of the complex geometries which is used nowadays in heat exchanger
tube arrays as a means to improve the heat transfer characteristics. The flow characteristics
downstream of the finned cylinders which depend on the fin parameters is found to affect
the heat transfer characteristics ([4]). Moreover, the existence of periodic vortex shedding
is also reported downstream of isolated finned cylinders [5–7]. For an isolated straight
finned cylinder, the vortex shedding in the wake is found to be more correlated along the
span compared to the bare cylinder [5]. In contrast, the crimped spiral fins reduce the
correlation of the vortex shedding along the span of the cylinder [7]. This implies that
the flow development is significantly dependent on the type of fins added around the bare
cylinder. The vortex shedding in the wake of the cylinder induces structural loading on
the surface of the cylinder which acts as a source of flow-induced vibration [8–10] and
1
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sound generation [11–13]. As a result, understanding the vortex shedding characteristics
in the wake of the finned cylinder is significant for engineering design. However, the flow
development in the wake of the finned cylinder is strongly dependent on the geometrical
parameters associated with it. Several recent studies investigated the vortex shedding in
the wake of the finned cylinders with the variation of the fin pitch, fin spacing, fin thickness
in case of a straight finned cylinder in cross-flow ([6, 14]). Another parameter associated
with the finned cylinder is the fin height which can be represented in dimensionless form
as the ratio of the fin diameter (Df ) to root cylinder diameter (Dr), Df /Dr . No previous
investigation in the literature has looked into the effect of the diameter ratio Df /Dr on the
flow development downstream of the straight finned cylinders.
Flow excited acoustic resonance is one of the design concerns of the industrial heat
exchanger which is associated with the vortex shedding in the wake of the finned cylinders.
The flow excited acoustic resonance occurs when the frequency of vortex shedding coincides
with the natural frequency of the acoustic mode of the surrounding duct. During resonance,
the pressure fluctuation inside the duct reaches a severe level which may result in operational
and environmental hazards ([5, 10, 13]). For straight finned cylinders excitation of strong
acoustic resonance with higher sound pressure level compared to a bare cylinder is reported
in the literature [13, 14]. Moreover, depending on the fin spacing and fin thickness the
characteristics associated with the excitation of the acoustic resonance are found to be
different [13, 14]. Arafa and Mohany [14] reported stronger and well correlated vortex
shedding along the span as a source for the stronger acoustic resonance in the case of
the straight finned cylinder. However, Arafa and Mohany [14] used finned cylinders with
constant diameter ratios Df /Dr in their investigations. Therefore, the effect of the diameter
ratios Df /Dr of the finned cylinders on the flow excited acoustic resonance also needs to be
investigated. Furthermore, there has been no investigation done on the flow characteristics
in the wake of the finned cylinders and the resulting aeroacoustic energy transfer during
resonance.
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Therefore, the objective of this thesis is to get an insight into the vortex shedding char-
acteristics as well as the comprehensive three-dimensional flow development around the
straight finned cylinders with varying diameter ratios Df /Dr . Also, another objective is to
get an insight into the effect of the varying Df /Dr on the flow excited acoustic resonance
and the resulting flow-sound interaction during acoustic resonance.
1.1 Scope of Thesis
To achieve the objectives of the thesis, Combined experimental and numerical studies are
performed using four finned cylinders with a range of diameter ratios between 1.25 ≤
Df /Dr ≤ 2.5.
In the first part, the flow characteristics in the wake of the finned cylinders are in-
vestigated using extensive planar Particle Image Velocimetry (PIV) measurements. The
measurements are performed at Reynolds number Re ≈ 2.0 × 104. The overview of the
planar flow development is discussed in terms of the time-averaged flow characteristics. The
unsteady vortex dynamics in the wake of the cylinders is studied using the phase averaged
flow field. Three finned cylinders with diameter ratios Df /Dr = 1.5, 2.0 and 2.5 are used
for this experimental study.
The second part comprised of a three-dimensional numerical study using the Large Eddy
simulation at Reynolds number Re = 3900. Three finned cylinders with diameter ratios
Df /Dr = 1.25, 2.0 and 2.5 are investigated. The numerical simulation provides insight
into the flow development on the surface of the finned cylinders and their effect on the
three-dimensional vortex structures. Moreover, the pressure distribution and its effect on
the structural loading on the finned cylinders are also obtained from the numerical study.
The last part of the thesis deals with the experimental study to investigate the effect
of the fin parameters on the flow excited acoustic resonance. Three finned cylinders with
diameter ratios Df /Dr = 1.5, 2.0 and 2.5 are used for the investigation. The aeroacoustic
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measurements are performed using single microphone to characterize the effect of fin param-
eters on resonance excitation. Phase-locked PIV measurements are performed to get insight
into the vortex shedding characteristics in the wake during resonance. Lastly, using Howe’s
analogy [15] the aeroacoustic energy transfer during resonance is studied by combining the
phase-locked PIV measurement with Acoustic modal analysis.
Chapter 2
Literature Review
In this chapter, the previous studies related to the flow characteristics around bluff bodies
relevant to the finned cylinder model are discussed. A summary of the previous research
work associated with the vortex shedding characteristics, wake flow development, flow
excited acoustic resonance is documented rather than a comprehensive discussion. The
review started with the flow development around a single bare cylinder in cross-flow in
section 2.1. In section 2.2 the previous studies on the flow development around some
complex geometries along with the finned cylinder is reviewed. In section 2.3 the related
works on the flow excited acoustic resonance in case of a single bare cylinder and the finned
cylinder are discussed.
2.1 Flow development over an isolated bare cylinder in
cross-flow
Flow over a single cylinder, despite being a simple geometrical configuration, still offers
plentiful interesting flow features that stem from the boundary layer, separated shear layer,
and wake dynamics. The boundary layer that develops around the cylinder separates due
to the adverse pressure gradient. This separated shear layer carries with it the vortices
5
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Figure 2.1: Schematic of the mechanics of vortex formation behind circular cylinder adapted
from [16].
generated at the surface of the cylinder. The vortices in the shear layer roll-up some distance
downstream the cylinder and large scale vortex core forms due to the vorticity accumulation
as a result of the roll-up process. While the roll-up of the vortices occurs on one of the shear
layers, the shear layer from the other side is pulled in during the process and it cuts off
the vorticity accumulation process. As a result, the accumulated vortices shed and convects
away by the flow downstream of the cylinder. This mechanism of vortex shedding is first
described in the work of Gerrard [16] and an illustration of the process is shown in Fig. 2.1.
This vorticity shedding is a periodic phenomenon that occurs alternately from both sides of
the shear layer with a certain frequency. This vortex shedding frequency is often expressed
as a dimensionless term namely Strouhal number which is defined as, St = f D/U∞ [17],
where f is the frequency of vortex shedding, D is the diameter of the cylinder and U∞ is
the free stream velocity.
The characteristics of the flow development over the bare cylinder in cross-flow are
heavily dependent on the Reynolds number defined as Re = ρU∞Dµ , where ρ is the density
and µ is the viscosity of the fluid medium. The flow development over the cylinder can be
divided into several regimes depending on the Reynolds number of the incoming flow. Two
fixed pairs of counter-rotating eddies appear downstream of the cylinder at Re ≈ 5. The
flow characteristics remains laminar and steady till Re ≈ 40 [18].
With the increase in the Reynolds number Re > 40, the vorticity in the shear layer begins
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to roll up and the initiation of the unsteady periodic vortex shedding occurs. Between
Re ≈ 40− 190 the wake is dominated by the presence of the 2-D Von Karman vortex street
[2]. A schematic of the 2-D Von Karman vortex street is shown in Fig. 2.2 (a).
For Re > 190 the three dimensional effect starts to appear in the wake of the cylinder [2].
The three-dimensional flow structures appear as streamwise vortices that are superimposed
on the primary spanwise rollers. Based on the appearance of the streamwise vortices the
vortex shedding process has been categorized into two distinct modes. The first three
dimensional mode known as Mode A appears around the Reynolds number Re ≈ 190 and its
presence can be seen in the wake between 190< Re < 240 [2]. The streamwise structures in
Mode A shedding appear as vortex loops as a result of the wavy deformation of the primary
rollers along the span. A schematic of the Mode A shedding is shown in Fig. 2.2 (b). The
spanwise spacing between the streamwise rollers in Mode A is approximately 3 to 4 times
the diameter of the cylinder. Moreover, the streamwise structures with an equal sign of
circulation are organized in a staggered pattern in the wake during Mode A shedding [2].
The transition from Mode A to Mode B shedding emerges at a Reynolds number of
approximately 240. The transition to Mode B shedding creates finer small scale streamwise
structures with a characteristic spanwise wavelength of approximately 1 diameter in the
wake of the cylinder [2]. A schematic of the illustration of Mode B in the wake is shown in
Fig. 2.2 (c). The spatial organization of the Mode B structures appears as an in-line pattern
of the equal sign vortices in the wake in contrast to that of the Mode A. The signature of the
Mode B shedding can be seen up to Reynolds number of approximately 1000 or even higher.
During this flow regime, the wake becomes turbulent while the separated shear layer and
the boundary layer remain still laminar [2].
The Reynolds number range between 103 < Re < 2× 105 is known as the shear layer
transition regime. In this range, the transition to turbulence occurs inside the separated
shear layer downstream of the cylinder. This transition occurs as a result of the presence
of Kelvin Helmholtz type instability in the shear layer. A schematic of the instabilities in




Figure 2.2: Vortex shedding mode associated with different flow regimes (a) laminar vortex
shedding (b) Mode A shedding (c) Mode B Shedding (d) Shear layer transition regime.
Adapted from Williamson [2].
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the shear layer is shown in Fig. 2.2 (d). The pioneering work by Bloor [19] first shows the
existence of this transition wave which occurs at a much higher frequency than the vortex
shedding frequency. Later, Prasad and Williamson [20] proposed a scaling to estimate the
frequency of the shear layer instability ( fSL) with respect to the frequency of vortex shedding
( fk) for a wide range of Reynolds number as fSL/ fk ≈ Re0.69, which is modeled based on their
own measurement and previous measurements from the literature. Moreover, the location
where the transition to turbulence takes place inside the shear layer moves upstream towards
the cylinder with increasing Reynolds number [2].
Beyond the Reynolds number Re > 2×105 the occurrence of the transition to turbulence
moves inside the attached boundary layer at the surface of the cylinder. Moreover, an
intermittent formation of the separation bubble on one side or both sides of the cylinder
occurs due to the reattachment of the shear layer on the surface. As a result, the boundary
layer separation is delayed and the wake becomes narrower as well as the base pressure
decreases [21].
Besides the overall change in the flow regimes for a wide range of Reynolds number
several important parameters associated with the flow characteristics around the cylinder also
vary. These parameters include the base pressure coefficient (Cpb) which is obtained from the
mean pressure at the base of the cylinder, the length of vortex formation (L f ) downstream
of the cylinder, wake Reynolds stress (τ), drag force coefficient (CD) and fluctuating lift
force coefficient. Roshko [22] proposed a model that shows the interdependence of the drag
force, base pressure, wake Reynolds stress and the vortex formation length in case of a two
dimensional wake without unsteady vortex shedding. A schematic of the model is shown in
Fig. 2.3 where the mean wake downstream of the cylinder is represented using the mean
recirculating flow region bounded by the streamline corresponding to the zero velocity. The
forces that are acting on this mean wake are the shear stresses acting at the top and bottom
along the boundary and the net pressure force. At high Reynolds number, the shear stresses
are mainly coming from the Reynolds stress (ρu′v′) and considering the mean wake is at
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Figure 2.3: Illustration of the mean wake used in the simplified model of Roshko [22].
equilibrium due to the balance between the Reynolds stress and pressure force Roshko [22]










Where β is the base suction coefficient defined as β = −Cpb. From the relation, it can be
seen that as the base suction coefficient increases (base pressure coefficient reduces) the
length of vortex formation downstream of the cylinder decreases and the Reynolds stress
increases. Although the simplified model is heavily restricted to a case of two dimensional
wake without any vortex shedding, the relationship between the base pressure coefficient
and the vortex formation length is found to hold over a wide range of Reynolds number for
the circular cylinder wake in the presence of vortex shedding [2]. Furthermore, the drag
force acting on the surface of the cylinder is related to the base suction coefficient (−Cpb).
Roshko [22] using the best fit to his derived parametric formulas deduced that the increase
in base suction coefficient (−Cpb) increases the drag force coefficient (CD) acting on the
surface.
The base suction coefficient (−Cpb) depending on the flow regimes varies significantly
over a wide range of Reynolds numbers. In Fig. 2.4 the variation of the base suction
coefficient as a function of the Reynolds number which is adapted from the review work
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Figure 2.4: Variation of the base pressure coefficient adapted from review paper ofWilliamson
[2].
of Williamson [2] is shown. In the shear layer transition regime (103 < Re < 2 × 105),
which is particularly relevant to this work and a wide range of engineering applications,
the base suction coefficient is found to increase with the increasing Reynolds number. This
change in base suction coefficient is associated with the change in other parameters related
to flow development as found by several experimental investigations [23, 24]. Norberg [23]
found an increase in the Reynolds stress and gradual decrease of the Strouhal number with
increasing base suction coefficient in this regime. Moreover, the length of vortex formation
is found to decrease with increasing base suction coefficient as found in the experimental
study of Lin et al. [24]. Unal and Rockwell [25] also found the existence of shorter vortex
formation length in this regime with the aid of flow visualization.
The vortex formation length (L f ) is another important parameter related to the flow
development around the bare cylinder. However, the global definition of the vortex formation
length is found to differ among the studies in the literature. Bloor [19] defined the end of
the vortex formation region as the peak of the velocity fluctuation at the vortex shedding
frequency along the wake centerline. Griffin [26] discussed the prevalent definition of the
vortex formation length in the literature and showed that the maximum of the streamwise












Figure 2.5: Variation of the vortex formation length with Reynolds number adapted from
Norberg [27].
velocity fluctuation along the wake centerline is a robust method to quantify the vortex
formation length. Later, Williamson [2], Norberg [27] also used the same definition as a
measure of the vortex formation length downstream of the cylinder. Norberg [27] performed
LDV measurement to quantify the vortex formation length downstream of the cylinder for a
range of Reynolds number corresponding to the shear layer transition regime. The study
found a reduction in vortex formation length with increasing Reynolds number agreeing
with the trend of the base suction coefficient. Norberg [27] used the definition of the vortex
formation length as both the maximum of RMS streamwise velocity at the wake centerline
as well as the location where the mean streamwise velocity first reaches zero. Using both
definition negligible difference is found for the vortex formation length in the shear layer
transition regime. Furthermore, Norberg [27] summarized the vortex formation length from
previous studies and his own findings to illustrate a comprehensive plot of the variation of
the vortex formation length for a wide range of Reynolds number. The plot in Fig. 2.5 is
adapted from the smooth data plot obtained from the summary of Norberg [27].
The mean drag force acting on the surface of the cylinder is caused by the streamwise
stress on the surface that arises due to the pressure and viscous effect [28]. At low Reynolds
L I T E R AT U R E RE V I E W 13








Figure 2.6: Variation of the drag force coefficient as a function of the Reynolds number
adapted from Weiselsberger [28].
number, the viscous force acting on the cylinder surface is higher than the pressure force.
With increasing Reynolds number the pressure force dominates the viscous force on the
surface. As a result, the skin friction drag is higher at lower Reynolds number and its effect
is negligible with increasing Reynolds number [28]. Weiselsberger [28] measured the drag
force coefficients for a range of Reynolds number and the plot is shown in Fig.2.6. At
the lower range of Reynolds number, the drag coefficient decreases almost linearly with
increasing Reynolds number. In the shear layer transition regime, the mean drag coefficient
remains close to 1 over a range of Reynolds numbers.
In the shear layer transition regime (103 < Re < 2× 105) the three dimensional nature
of the flow development plays an important role in the structural loading on the cylinder
surface. One of the three dimensional effects is the existence of spot like vortex dislocations
along the span of the cylinder in the wake which causes a phase difference among the shed
vortices [2]. The spanwise correlation length is a well-established measure of the three-
dimensionality of the vortex shedding in the wake of a cylinder. The spanwise correlation
length is defined as the length along the span over which vortices are shed at the same phase
[29]. The spanwise correlation length can be measured from the simultaneous velocity
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Figure 2.7: Variation of the fluctuating RMS lift force coefficient with Reynolds number
adapted from Norberg [3].
fluctuation measurement downstream of the cylinder just outside the wake [3, 29] or the
simultaneous fluctuating pressure measurement at the surface of the cylinder at θ = 90◦
from the stagnation point [3, 30]. The fluctuating lift force that acts on the surface of the
cylinder is strongly dependent on the spanwise correlation length. Norberg [3] reviewed the
RMS of the fluctuating lift for the whole range of Reynolds number (103 < Re < 2× 105).
Furthermore, the measurement of the correlation coefficient also performed. The variation of
the fluctuating RMS lift coefficient as a function of Reynolds number adapted from Norberg
[3] is shown in Fig. 2.7. The fluctuating lift value can be seen to decrease after the laminar
shedding regime and becomes lower over a range of Reynolds numbers in the shear layer
transition regime. The reduction in the fluctuating lift is associated with the increase in
three-dimensionality or the spanwise correlation length [3].
2.2 Flow development around complex geometries
The vast amount of literature about the flow around a bare cylinder over a wide Reynolds
number range forms the fundamental understanding of the flow characteristics which can be
extended to understand the flow around more complicated bluff bodies which can be found
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in engineering applications. In particular understanding, the vortex shedding characteristics,
which acts as a source of undesirable noise and vibration problems, around the complex
cylindrical structures is crucial to impose necessary constraints at the design stage. In this
section, the state of the art regarding flow development around some complex geometrical
bodies such as single-step cylinder, multi-step cylinder, finned cylinders are reviewed.
2.2.1 Step Cylinders
The step cylinders are geometrical bodies with one or multiple discontinuities in diameter
along the span of the circular cylinder. In Fig. 2.4 schematic of several step cylinder ge-
ometries are shown. The single-step cylinder consists of a single discontinuity in diameter
along the span as shown in Fig. 2.4 (a). The flow development around the step cylinder is
dependent on the Reynolds number and the flow characteristics vary between the laminar
and turbulent flow regimes. Moreover, the ratio of the large cylinder to a small cylinder
diameter D/d affects the flow development. In comparison to the bare cylinder, the vortex
shedding downstream of the single-step cylinder occurs with distinct cells and each cell
having different frequencies along the span of the cylinder [31, 32]. A schematic of the
distinct vortices along the span of the single-step cylinder is shown in Fig. 2.5. The vortices
formed behind the large diameter cylinder are known as L-cell vortices and the vortices
downstream of the small cylinder are known as S-cell vortices [33]. In addition to vortex
shedding downstream of both cylinders, a complex interaction occurs between the L-cell
and S-cell vortices near the step and another distinct cell form known as the N-cell. The fre-
quencies in this interaction zone are found to be lower than the frequencies of the L-cell and
S-cell vortices [31–33]. Moreover, Dunn and Tavoularis [33] found that the phase difference
among the S-cell and L-cell vortices causes an inclination in the connection between the
cells. The formation of the N-cell vortices was attributed to the downwash induced at the
step by the streamwise edge and junction vortices [33]. Later, the numerical investigation
by Morton and Yarusevych [34] also confirmed the existence of three distinct cells and the






Figure 2.8: Illustration of step cylinders (a) single-step cylinder (b) Dual-step cylinder (c)
multi-step cylinder
formation of N-cell as a result of the downwash at the step.
The dual step cylinder is another complex bluff body in which two discontinuities in
diameter along the span are present as evident in Fig. 2.8 (b). In addition to the diameter
ratio, the aspect ratio of the large cylinder (L/D) also affects the wake flow. Williamson [35]
investigated the flow development over a low aspect ratio dual step cylinder (L/D = 0.5)
attached at the mid-span of the small cylinder. This configuration resembles the geometry of
the circular cylinder with a single fin. Results showed the occurrence of vortex dislocation at
the boundary of the L-cell and S-cell vortices for a range diameter ratios of 1.1< D/d < 2.
The frequencies near the boundaries also found to be lower than the frequencies of the L-cell
and S-cell vortices. Morton and Yarusevych [36] studied the flow development downstream
of the dual step cylinder with diameter ratio D/d = 2 and a wide range of aspect ratios
between 0.2 < L/D < 17 at Reynolds number Re = 1050 and 2100. Based on the aspect
ratio of the large cylinder they found several flow regimes in the wake. For L/D ≤ 2 the






Figure 2.9: Complex vortex topology around single step cylinder in cross-flow adapted from
Dunn and Tavoularis [33].
vortex shedding from the large diameter cylinder is found to be inhibited. For the aspect
ratios between 2< L/D ≤ 6 the vortex shedding downstream of the large diameter cylinder
is identified as intermittent. Moreover reduction in the strength and coherence of the vortices
also found. For 8< L/D ≤ 14 the vortex shedding downstream of the large cylinder occurs
uniformly along the span with a single cell. For aspect ratios beyond 15 the vortex shedding
downstream of the large diameter cylinder is found to be identical to that of a bare cylinder
near the midspan. Moreover, the flow development near the step discontinuities exhibits
similar flow characteristics as the single-step cylinder. Recently, Alziadeh and Mohany [37]
also reported the existence of distinct frequency cells along the span of the dual-diameter
step cylinder as well as nonuniform finned cylinders. McClure et al. [38] used numerical
methods to study the flow development and structural loading on the dual step cylinder in
the laminar shedding regime. A significant reduction in the lift force and minor reduction
in the drag force is found in the case of a dual step cylinder with D/d ≈ 1.5 and L/D ≈ 1.
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The reason for the reduction of drag was attributed to the increase in base pressure as a
result of the downwash flow near the step. Nakamura and Igarashi [39] added several low
aspect ratio rings around the bare cylinder to control the structural loading acting on it.
This geometry is known as the multi-step cylinder and a schematic is shown in Fig. 2.8 (c).
They found a reduction of approximately 15% drag force in case of a multi-step cylinder
with parameter D/d ≈ 1.3, L/D ≈ 1.0. They also measured the pressure distribution at the
surface of the cylinder and found a spanwise variation of the base pressure along the surface.
The reduction of drag was attributed to the significant recovery of the base pressure as a
result of secondary flow due to streamwise vortices near the step.
2.2.2 Finned Cylinders
The finned cylinder which is the particular focus of this work is frequently employed nowa-
days in heat exchangers because of their efficacy to increase the heat transfer characteristics
around the cylinders. Intuitively, the addition of fins around the bare cylinder can be thought
of as a means of disrupting the vortex shedding along the span of the cylinder by creating
distinct cells of flow structures cut by the fins. But several investigations in the literature
make this notion invalid by reporting the occurrence of periodic vortex shedding down-
stream of finned cylinder. The investigations on different types of finned cylinders reveal
distinct characteristics of vortex shedding which indicates a strong dependence of the flow
characteristics on the type of fin e.g. straight circular, spiral, serrated, twist serrated, etc.
Fig. 2.10 shows a model of the straight circular finned cylinder with the parameters - fin
pitch p, root diameter Dr , fin diameter Df as well as fin thickness t - that characterize the
geometry. Based on the variations of the fin parameters large scatters in the vortex shedding
characteristics are found in the literature.
An earlier investigation by Mair et al. [40] reported that vortex shedding occurs down-
stream of the straight circular finned cylinder and perhaps more periodic as deduced from the
sharp peak in the velocity spectrum. Hamakawa et al. [41] investigated the vortex shedding
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Flow
Figure 2.10: Straight finned cylinder model with the nomenclature of the geometric param-
eters.
characteristics for the cases of solid fin and serrated fin cylinders. Their investigation used
finned cylinders with geometric parameters Df /Dr = 2, S/Dr = 0.095 0.19, t/Dr = 0.033
for solid fins and Df /Dr = 2, S/Dr = 0.095 ≈ 0.19, t/Dr = 0.033 for serrated fins. From
the spectrum of the velocity fluctuations using hot-wire measurements, they identified a
clear peak which indicates the existence of periodic Karman vortex shedding downstream of
finned cylinders. For both fin types, they have found a reduction in the intensity of velocity
fluctuations compared to the bare cylinder. Also for both types of the fin, the location of
maximum velocity fluctuations shifted towards downstream distance compared to the bare
cylinder. The correlation measurements using dual hot-wire reveals the spanwise scale of
the Karman vortex to be larger than the fin pitch which indicates that the fins did not disrupt
the spanwise development of the vortex downstream of the cylinder.
Ziada et al. [42] investigated the effect of serrated fins on vortex shedding downstream of
the cylinder with geometric parameters Df /Dr = 2, S/Dr = 0.095≈ 0.19 and t/Dr = 0.033.
Using a single probe hot-wire they measured the development of streamwise velocity and
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its fluctuations at subsequent downstream locations. They found the intensity of velocity
fluctuations around the vortex shedding frequency to be increased with the addition of fins.
The pronounced peaks at higher harmonics of the vortex shedding frequency are reported as
an indication of increased non-linearity in the wake. They also employed two hot-wire probes
to measure the correlation length downstream of the finned cylinders. In general, they found
the correlation length downstream of the finned cylinders to be increased compared to the
bare cylinder. Also a dependency of the correlation length on the angular orientation of the
finned cylinder around its axis is reported due to the waviness of the arrangement of the
fins.
Hamakawa et al. [43] reported the vortex shedding characteristics downstream of twist
serrated finned tubes using hot-wire measurements. They investigated four finned cylinders
with Df /Dr = 1.86, t/Dr = 0.038 and range of fin spacing s/Dr = 0.11-0.8. They found
an asymmetric shape in the velocity fluctuation profile around the wake centerline in the
transverse direction. The location of maximum velocity fluctuations is found to move
downstream with a reduction in spacing between the fins except for s/D = 0.11. Besides,
a stagnant zone of fluid is found to exist downstream of the cylinder at spacing s/D =
0.11 and 0.16. Moreover, the reduction of fin spacing is reported to create a stable shear
layer immediately behind the cylinder. Recently, Alziadeh and Mohany [7] studied the
vortex shedding process downstream of the crimped spirally finned cylinders through planar
measurements using single hot-wire probe downstream of the cylinder. Their investigation
included finned cylinders with Df /Dr = 3 and p/Dr = 0.384-1. The addition of crimped
spiral fins is found to weaken the vortex shedding strength in the wake. A reduction in the
vortex shedding correlation length along the span of the finned cylinder compared to the
bare cylinder is reported as well. Moreover, the location of maximum velocity fluctuations
along the wake centerline is found to occur more downstream in case of the finned cylinder
compared to the bare cylinder.
Several researchers have investigated the vortex shedding characteristics downstream of
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the straight circular finned cylinder recently. Eid and Ziada [44] used single hot-wire mea-
surements to clarify the effect of straight fins on vortex shedding for a range of fin parameters
Df /Dr = 1.6, p/De f f = 0.057−0.28. They found the turbulence intensity around the vortex
shedding frequency to be decreased with the addition of fins. Based on this observation
they concluded the effect of fins to act as spoilers which disrupts the vortex shedding by
introducing streamwise disturbance. Khashehchi et al. [45] used PIV measurements to inves-
tigate the effect of fins on the flow characteristics in the wake for cylinder parameters with
cylinder parameters Df /Dr = 2.0, p/De f f = 0.142. They used the POD analysis to compare
the strength of vortex shedding downstream of the finned cylinders and one bare cylinder
with diameter equivalent to Dr . From the POD analysis they found a decrease in the mode
energy corresponding to the formation of large scale coherent structure downstream of the
finned cylinder compared to the bare cylinder. More recently, McClure and Yarusevych [6]
performed PIV measurements to characterize the vortex shedding downstream of straight
finned cylinders. Contrary to the findings of Khashehchi et al. [45], based on the POD
analysis they reported the occurrence of energetic vortex shedding in the wake of finned
cylinders compared to the bare cylinder with diameter corresponds to Dr and Df . Arafa and
Mohany [14] studied the vortex shedding characteristics in the wake of the straight finned
cylinder experimentally using hot-wire anemometer measurements as well as numerically
using 3D Large Eddy Simulation (LES). Their investigation considered finned cylinders
with parameters Df /Dr = 2, p/De f f = 0.123− 0.403 and concurrent variations in the fin
thickness (t) as well. Results showed that flow coherence downstream of the cylinders with
closely-spaced fins are higher than that of a bare cylinder with the same effective diameter
(De f f ). They suggested that straight fins suppress the development of streamwise vorticity
leading to an increase in the two-dimensionality of the vortex shedding in the near wake.
Most of the studies in the literature regarding flow characteristics in the wake of the
straight circular finned cylinders considered models with a constant diameter ratio (Df /Dr).
Although different diameter ratios can be found among several studies, the other fin param-
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eters (e.g., fin pitch, fin thickness) used in all of these investigations are incongruous. No
studies in the literature have discussed the flow characteristics around the straight finned
cylinder considering solely the effect of different diameter ratios while keeping the other
parameters constant.
2.3 Flow-Excited Acoustic Resonance
The flow excited acoustic resonance phenomena is one of the design concerns in numer-
ous industrial applications such as flow over cavities [46–49]. heat exchanger tube bundle
[50–52], industrial pipelines [53, 54]. In many industrial applications array of bluff bodies
can be found to be confined inside a ducted housing. When the bluff bodies encounter
high-speed gas flow over them, the flow separation leads to the occurrence of flow period-
icity downstream of the bluff bodies with multiple frequencies. When one of the periodic
frequencies approach the natural frequency of the surrounding duct acoustic resonance can
be excited if the excitation energy can overcome the damping associated with the acoustic
mode. As a result of the acoustic resonance excitation generation of severe sound pressure
level is reported [52]. However, to understand the complex flow sound interaction that
causes the excitation of the resonance, studies involving bare cylinder arranged in funda-
mental configurations that constitutes the tube arrays are reported in the literature such
as single [13, 51, 55], tandem [12, 56, 57], side by side [58, 59], inline arrangement of
cylinders [60, 61]. The flow excited acoustic resonance in the case of a single bare cylinder
confined in a duct is investigated by several studies in the literature [12, 13, 51]. All of
the studies identified the vortex shedding in the wake as a source of the excitation of the
acoustic resonance in the case of a bare cylinder. The vortex shedding frequency in the wake
of a single bare cylinder increases linearly with flow velocity following the Strouhal number
relationship as mentioned before. When the vortex shedding frequency gets closer to the
natural frequency of one of the acoustic mode, excitation of resonance can occur. After the
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excitation of the acoustic resonance, a standing wave corresponding to the natural frequency
is formed inside the duct. A feedback mechanism also starts between the flow field and
the resonant sound field. During this feedback cycle, the acoustic field controls the vortex
shedding process and the frequency of vortex shedding remains unchanged over a range of
flow velocity. This period is known as the ’lock-in’ period and a schematic of the process is
shown in Fig. 2.11. During the ’lock-in’ period energy transfer occurs between the flow and
the acoustic field and intense sound pressure is generated. The diameter of the bare cylinder
has a significant effect on the flow excited acoustic resonance. The large diameter cylinder
is found to produce a higher sound pressure level during the acoustic resonance [12, 51].
Moreover, the period of ’lock-in’ is found to be wider in the case of the large diameter bare
cylinder. The higher sound pressure in the case of the large diameter bare cylinder occurs as
a result of the higher dynamic head during the resonance due to the excitation at higher flow
velocity [12]. In addition to the effect of the cylinder diameter, the location of the cylinder
inside the duct with respect to the acoustic particle velocity of the excitable acoustic mode
is found to affect the excitation level [5].
Finned cylinders are used in the heat exchanger tube bundle to increase heat transfer
efficiency. Flow excited acoustic resonance has also been reported in case of finned cylinder
[7, 13, 44]. However, the excitation mechanism of the acoustic resonance for the finned
cylinder is not investigated extensively in the literature compared to the bare cylinder.
Alziadeh and Mohany [7] investigated the flow excited acoustic resonance in the case of
isolated crimped spiral finned cylinders in crossflow with variation in fin pitch. The sound
pressure level generated during the resonance is found to be lower than that of a bare
cylinder with the same effective diameter. The reason for this was attributed to weaker
vortex shedding in the wake of the crimped spiral finned cylinders compared to the bare
cylinder.
Eid and Ziada [44] investigated the flow excited acoustic resonance phenomena for the
case of single and tandem straight finned cylinders with different fin densities. They reported
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Figure 2.11: Schematic of the lock in associated with the flow excited acoustic resonance
adapted from Mohany and Ziada [12].
a lower level of acoustic pressure generation during the resonance compared to the bare
cylinder. The reason for the weaker excitation was attributed to the weaker vortex shedding
in the wake of the finned cylinder deduced from the reduction of velocity fluctuation around
the vortex shedding frequency. Recently, Arafa and Mohany [14] investigated the acoustic
resonance phenomena of the straight finned cylinders clarifying the effect of the varying
fin spacing and fin thickness around the bare cylinder. The reduction in fin spacing is
found to produce strong acoustic resonance excitation in the wake of the finned cylinders.
This resulted in higher sound pressure generated during resonance for the finned cylinder
compared to a bare cylinder with the same effective diameter. Using hot wire anemometry
measurement and 3-D numerical simulation they found the occurrence of stronger vortex
shedding downstream of the straight finned cylinder compared to a bare cylinder. The strong
resonance in the case of the finned cylinder is reported to occur as a result of the increased
strength of the vortex shedding.
L I T E R AT U R E RE V I E W 25
2.4 Motivation
As mentioned before the flow excited acoustic resonance is one of the design concerns
of the heat exchanger tube arrays. Therefore extensive studies have been performed to
understand the excitation mechanism of the flow excited acoustic resonance using bare
cylinders arranged in fundamental configurations that constitute the tube arrays e.g. singe,
tandem, side by side, multiple inline cylinders, etc.. It has been established through decades
of research that for most of the cylinder configurations the unsteady vortex shedding is
the primary source of excitation of the acoustic resonance. Therefore understanding the
vortex shedding characteristics in the wake of the cylinders is imperative to comprehend
the characteristics of the acoustic resonance excitation. The modern heat exchangers use
finned cylinders in the tube array instead of the bare cylinder due to enhanced heat transfer
characteristics. The occurrence of the flow excited acoustic resonance in the case of the finned
tube arrays has also been reported in the literature [62]. However, the design constraints for
the heat exchangers involving finned tube arrays have traditionally been derived from the
studies performed using the bare cylinders with the same effective diameter as the finned
cylinders. Several recent investigations showed that the frequency of vortex shedding in
the wake of the finned cylinders and the equivalent diameter bare cylinder exhibits similar
values [7, 14, 44]. However, the fundamental vortex shedding characteristics in the wake
such as the correlation of the vortex shedding along the span, vortex formation length,
vortex shedding strength, etc. is found to be affected significantly due to the addition of fins.
Moreover, the fins significantly affected the excitation of the flow excited acoustic resonance
in the wake of the finned cylinder due to the fundamental changes in the vortex shedding
characteristics. These findings indicate that studies performed using equivalent diameter
bare cylinder can not be used to predict the characteristics of vortex shedding and acoustic
resonance excitation in the case of the finned cylinders.
The investigations related to the flow-sound interaction around the finned cylinders are
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scarce in the literature. The very few studies that [14, 44] investigated the flow sound
interaction around the straight finned cylinders also found contradictory findings. More-
over, the variation of the fin parameters around the cylinder significantly affects the vortex
shedding in the wake of the cylinder. The closely spaced fins around the bare cylinder are
found to cause more correlated vortex shedding in the wake compared to the widely spaced
fins. The increase in the correlation of the vortex shedding along the span is found to be
caused by the entrainment of flow between the fins [14]. However, previous investigations
have used finned cylinders with constant fin height or diameter ratios. For a closely spaced
finned cylinder, the variation in diameter ratio might lead to an enhanced (or dwindled) flow
entrainment which will affect the flow characteristics in the wake. Moreover, any changes in
the vortex shedding characteristics are bound to affect the flow-excited acoustic resonance
in the wake of the cylinders. The current study is motivated by the need to explore these
fundamental aspects of the flow around a straight circular finned cylinder which will help
to bridge the gap in the state of the art.
Chapter 3
Methodology
This chapter describes the methodology used to carry out various experimental and numerical
investigations used in this study. To achieve the objectives of the current study several
combinations of experiments are performed. To comprehend the flow characteristics in
the wake of the bare cylinder and finned cylinders with different diameter ratios (Df /Dr)
at Reynolds number Re = 2× 104 planar Particle Image Velocimetry (PIV) measurements
are performed. Moreover, to get the temporal flow characteristics velocity fluctuations are
measured in the wake using hot-wire anemometry. Aeroacoustic response measurements are
performed to understand the effect of varying diameter ratios (Df /Dr) of the finned cylinders
on the flow excited acoustic resonance phenomenon. Acoustic pressure fluctuations are
measured using a single microphone attached flush-mounted on the test section wall for a
range of flow velocities. Finally, Phase-locked PIV measurements are done to understand
the flow sound interaction in the wake of the bare cylinder and the finned cylinders during
acoustic resonance excitation.
To obtain a comprehensive understanding of the flow development around the finned
cylinders, three dimensional Large Eddy Simulation is performed at Reynolds number Re =
3900. Furthermore, acoustic modal analysis is performed to complement the phase-locked
PIV measurement to understand the aeroacoustic energy transfer in the wake of the cylinders
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Figure 3.1: Schematic of the high speed open loop wind tunnel facility at the Aeroacoustics
and Noise Control Laboratory.
during resonance.
3.1 Experimental Facility
All the experiments were performed in an open loop wind tunnel facility at the Aeroacoustics
and Noise Control Laboratory. A schematic diagram of the wind tunnel facility is shown
in Fig. 3.1. A centrifugal air blower running by a 75 HP electric motor drives the flow in
the tunnel. The flow velocity in the tunnel is controlled using a Variable Frequency Drive
(VFD). The blower is located at the downstream end of the facility. At inlet air enters
through a bellmouth section to maintain a uniform flow with reduced turbulence level in
the tunnel. The entrance section is followed by a rectangular test section of height (H),
254 mm and width (W), 127 mm. The test section dimensions are selected to ensure the
ME T H O D O L O G Y 29
FCa I FC I I FC I I I FC IV
Root diameter, Dr [mm] 15.24 12.70 10.89 16.93
Diameter ratio, (Df /Dr) 1.50 2.00 2.50 1.25
Fin pitch , p [mm] 3.0 3.0 3.0 3.0
Fin thickness, t [mm] 1.50 1.50 1.50 1.50
Length, L [mm] 127 127 127 127
Effective diameter, De f f [mm] 19.0 19.0 19.0 19.0
Table 3.1: Geometrical parameters of the finned cylinder models used in current study.
aFinned Cylinder is abbreviated as FC.
excitation of transverse acoustic standing waves within the maximum velocity range that can
be achieved inside the tunnel. The test section is connected to a diffuser with an increasing
cross-sectional area along the downstream direction. The diffuser wall diverges at an angle of
14◦, which was selected to minimize flow separation and gain significant pressure recovery
while maintaining the maximum achievable flow velocity in the tunnel. The diffuser is
connected to the blower through a flexible connection. The whole setup is rigidly mounted
to minimize the vibration.
The free-stream velocity inside the empty tunnel was calibrated using a pitot tube. To
perform the calibration, the incoming flow velocity with increasing motor frequency was
recorded using the pitot tube. The calibration value was obtained from the linear fit through
the velocity against the motor frequency plot, which was then used to determine the free-
stream velocity. The maximum achievable free-stream velocity in the tunnel is approximately
150 m/s, which corresponds to Mach number, Ma ≈ 0.4. However, the range of flow velocity
during the measurement was within 100 m/s corresponding to Ma ≈ 0.27. Within this
range the compressibility effect is negligible and the flow remains isothermal.
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Figure 3.2: Finned cylinder models with different diameter ratios.
3.2 Finned cylinder models
For the current investigation several finned cylinders with constant fin pitch p, fin thickness
t and varying diameter ratios Df /Dr are tested. The effective diameter (De f f ) of the finned
cylinders, which is defined by the Eqn. 3.1, is kept constant as well to perform the tests with
models providing same flow blockage inside the wind tunnel. Mair et al. [40] proposed the
effective diameter formula given in Eqn.3.1 considering the projected frontal area of the
finned cylinder. The magnitudes of the geometric parameters are given in Table. 3.1. In
Fig. 3.2 three models of the investigated cylinders are shown. The diameter ratios (Df /Dr)
are varied by changing both the root diameter Dr and the fin diameter Df . Finned cylinders
with diameter ratios Df /Dr = 1.25,1.5,2,2.5 are considered for the current study. The
geometrical parameters are selected based on the nondimensional fin parameters commonly
found in industrial applications. A bare cylinder with diameter D = 0.19 m which is the
same as the effective diameter of the finned cylinders is also considered for the study. The
wind tunnel flow blockage for all the cylinders was approximately 7.5% which is within the
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acceptable limit [63].







3.3 Aeroacoustic Response Measurements
To characterize the aeroacoustic response of the investigated cylinders, the measurement of
acoustic pressure fluctuations are performed for a range of flow velocity between 20 m/s and
100 m/s. A schematic of the setup for the aeroacoustic measurement is shown in Fig. 3.3.
The acoustic pressure fluctuations were recorded using one pre-polarized pressure mi-
crophone with 1/4 inch diameter, manufactured by PCB Piezotronics (model no.377A12).
According to the transducer documentation, the microphone has a flat frequency response
(within ±2 dB) for a range of frequency between 4 Hz to 20 kHz with a dynamic range
of 182 dB re 20 µPa. The microphone signal was amplified using a preamplifier (model
no. 426B03) compatible to use with the 1/4” diameter microphone. The microphone was
powered using a signal conditioner manufactured by PCB Piezotronics (model no.482C05)
which is connected to a data acquisition device (model BNC-2110 - National Instruments).
The microphone response was calibrated using one GRAS 42 AB sound calibrator. The cal-
ibrator generates a signal with constant sound pressure level 114 dB (re 20µPa) at frequency
1 kHz. To calibrate the microphone response, the Root Mean Square (RMS) amplitude of
the time signal recorded in the calibration chamber was calculated. The RMS acoustic pres-
sure amplitude was compared to the reference sound pressure value of 114 dB (re 20µPa)
provided by the calibrator which corresponds to 10 Pa. From the comparison, the sensitivity
value of the microphone was obtained. This value was used to rescale the acoustic pressure
signal recorded during the measurements. The calibration was performed periodically before
starting the measurement for each cylinder case to account for any changes in the sensitivity
value due to a change in surrounding laboratory conditions. The microphone was installed
flush mounted at the top wall of the test section. This corresponds to the location of the
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Figure 3.3: Schematic of the setup for the acoustic measurements.
acoustic pressure antinode of the fundamental resonant cross mode inside the duct. The
microphone was attached at a location (x , y, z) = (25.4, 127, 0) mm from the center of the
cylinder as evident in the Fig. 3.3. The acoustic pressure distribution obtained using an array
of microphones installed at the top wall showed maximum value at this location during
resonance [64].
The microphone signal was sampled at a rate of 20 kHz for a duration of 120 s at each
flow velocity. The power spectral density of the time signal is estimated using Welch’s
averaged, modified periodogram method [65]. The time signal is divided into 120 blocks
with 50% overlapping and 20000 data points in each block resulted in a frequency resolution
of∆ f = 1 Hz. To calculate the acoustic pressure amplitude (Prms), the recorded microphone
time signal is digitally bandpass filtered using a fourth order Butterworth filter. The frequency
band used to filter each signal was approximately ±50Hz around the peak frequency in the
spectrum. The amplitude of the acoustic pressure is then calculated from the Root Mean
Square (RMS) of the filtered time signal.




Figure 3.4: Schematic of the setup for the Particle Image Velocimetry measurements.
3.4 Flow Field Measurements
3.4.1 Particle Image Velocimetry (PIV) measurements
The unsteady flow field characteristics in the wake of the cylinders were measured using
Particle Image Velocimetry (PIV). Planar two component velocity measurements were per-
formed at a vertical plane spanning the x-y direction. For the bare cylinder, the measurement
plane was located at the midspan (z = 0) of the cylinder. For the cases of finned cylinders,
measurements were taken at a plane close to the midspan of the cylinder which was aligned
at the center of the spacing between two adjacent fins (z/p = 0.5) as well as the center of
the fin (z/p = 0).
A LaVision PIV system was employed for the measurement. The measurement plane was
illuminated using one pulsed Nd:YAG Litron laser with a wavelength of 532nm. The laser
sheet was produced from the laser beam using LaVision sheet optics mounted directly to the
laser head. The lens arrangement of the sheet optics consists of two telescope lenses and
one cylindrical lens to diverge the laser sheet. The sheet optics housing accommodates the
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telescope lenses. One divergence lens with focal diameter f = −10 mm was added in addi-
tion to the telescope lenses. One mirror was placed in front of the sheet optics at a suitable
distance to deflect the light sheet at the desirable measurement plane as shown in Fig. 3.4.
The thickness of the generated laser sheet at the measurement plane was approximately
1 mm. The airflow was seeded using the material Bis(2-Ethylhexyl) Sebacate (DEHS). The
seeding particles were generated using an aerosol generator manufactured by LaVision. The
mean particle diameter generated using the aerosol generator was approximately 1µm ac-
cording to the specification provided by the manufacturer. The image pair of the illuminated
measurement plane was captured using one 12-bit CCD camera (model Imager SX-6M) at
double frame mode. The resolution of the camera is 2752 pixel×2200 pixel.
To study the effect of fin parameters on the flow characteristics in the wake of the cylinder
without resonance excitation, PIV measurements were carried out at free-stream flow velocity
U∞ = 16 m/s. The Reynolds number corresponding to this velocity is Re = 2×104 based on
the effective diameter for all the cases. The free-stream turbulence intensity measured using
hot-wire is found to be approximately 0.7%. The time between pulses to capture the two
image frames is selected based on the "one-quarter rule" [66]. This requires the maximum
in-plane displacement of the particles to be within the one quarter of the final interrogation
window size. The field of view of the captured image was selected to be 206×164 mm2. This
corresponds to a magnification factor of approximately M = 13.4 pixel/mm. The maximum
allowable time between pulse can be obtained using the expression in Eqn. 3.2 [66].
M × V × d t
dIA
< 25% (3.2)
Where M is the magnification factor, V is maximum expected in-plane velocity, d t is time
between pulse, dIA is the final interrogation area size. Using V = 23 m/s, dIA = 24 pixel and
M = 13.4 pixel/mm the maximum allowable time between pulse is found to be d tmax ≈
19.5 µs. For the current measurement, the two frames of the images were acquired with the
time between the pulse of d t = 15 µs. The camera and laser were operated at a frequency of
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15 Hz to capture the successive image pair. This acquisition rate is much lower than the vortex
shedding frequency (approximately 158 Hz) in the wake of the cylinders which resulted
in non-time resolved measurements. For each cylinder case, 1000 statistically independent
image pairs were captured. The post-processing of the images to obtain the vector field is
performed using Davis 10 software provided by LaVision. The images were pre-processed
using the minimum intensity subtraction filter to reduce the spurious reflections. The cylinder
location and the shadow area were masked out from the images. The vector calculations
were performed by cross-correlation between the image frames using a multipass algorithm.
The current analysis was performed with one initial pass at an interrogation window size
of 48 × 48 pixels with a 50% overlap and four final passes at an interrogation window
size of 24 × 24 pixels with 75% overlap. The final step of the post-processing involved
the removal and replacement of any spurious vectors detected using the universal outlier
detection algorithm [67]. The final vector fields contained approximately 50000 vectors
with vector pitch 0.02 D. .
Phase-locked PIV measurements are performed to understand the flow acoustic coupling
during self-excited resonance. For each case, the measurements are performed at a free-
stream velocity corresponding to the peak acoustic pressure obtained during resonance from
the aeroacoustic response measurement. The time between pulses (d t) for each case was
selected using the one-quarter rule as explained before. The acoustic pressure signal from
the flush-mounted microphone attached at the top wall of the test section is used to trigger
the laser and camera pulse for the phase-locked measurements. The measurements are
carried out at eight uniformly spaced phases with a 45◦ interval of the acoustic pressure
cycle. The time duration of one acoustic pressure cycle is divided into uniform intervals and
the time delay is calculated for each phase instants. The time delay values are used as input
in the Davis 10 software to trigger the system to capture the images at the desired phase
angle. For the current measurements, 150 images were acquired at each phase instant. The
calculation of the vector fields is performed after processing the images using background
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subtraction. The cross-correlation was done using one initial pass at interrogation window
size 64 × 64 pixels with 50% overlap and four final passes at interrogation window size
32×32 pixels with 50% overlap. The final vector fields contain approximately 10000 vector
with vector pitch 0.1D.
3.4.2 Hot-wire anemometry measurements
To obtain the frequency spectrum of the wake velocity fluctuation, streamwise velocity data
was recorded at a location of x/De f f = 2.5 and y/De f f = 2.0 in the wake of all cases. The
measurements were performed using a Dantec Dynamics model 55P16 single probe constant
temperature hot-wire sensor. The hot-wire probe is made of platinum-plated tungsten wire
with a diameter of 5 µm and a length of 1.25 mm. The voltage from the hot-wire was acquired
using a Dantec Dynamics CTA device model 54T42. The output voltage from the CTA was
digitized using a National Instrument data acquisition card BNC-2210. The data acquisition
was performed for a duration of 60 s at the sampling frequency of 20 kHz (this corresponds
to approximately 9500 vortex shedding cycles at the characteristic shedding frequency which
is sufficient to get converged statistics). The frequency spectrum is calculated based on the
modified periodogram method (Welch [65]) using 20000 data points in each block with a
50% overlap. This results in a frequency resolution of 1 Hz.
3.4.3 Proper Orthogonal Decomposition and Phase Averaging
The Proper Orthogonal Decomposition (POD) analysis is used to study the unsteady vortex
shedding characteristics in the present study. POD analysis provides an energy-based de-
composition of the fluctuating part of the flow field. A detailed theoretical description of
the POD algorithm can be found in previous studies in the literature [68, 69]. Using POD
analysis the mean subtracted velocity field can be approximated as a finite sum in terms of
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Where ak(t) are the time coefficients associated with the k
th mode. The snapshot-based
POD analysis ([69]) is used for the current study since it is suitable to process large flow
field realizations as well as statistically uncorrelated data in time. The orthonormal basis
functions (φk(x)) obtained from the POD analysis are sorted in a way that gives the best
approximation of the flow field based on the energy content. The time coefficients ak(t)
can be computed from the projection of the unsteady flow field to the corresponding basis
function φk(x). For a quasi-periodic flow field, the first pair of POD modes along with the
mean flow can be used to approximate the unsteady flow field due to the optimality of the
POD modes. Moreover, for a strongly periodic flow such as vortex shedding in the wake of a
bluff body, the time coefficients of the first dominant pair of POD mode are almost periodic.





a circular variation, where λ1 and λ2 are the eigenvalues of the first two POD modes. An
illustration of the cross-plot of the time coefficients of dominant POD modes in the case of a
bare cylinder is shown in Fig. 3.5. The phase of vortex shedding of the instantaneous flow








The resulting estimated phases of the flow fields obtained using the expression and the phase
sorted time coefficients are plotted in Fig. 3.5 (b). This methodology has been used in this
study to obtain the phase-resolved flow fields in the wake of the finned cylinders and the
bare cylinder at Reynolds number Re = 2.0× 104.
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Figure 3.5: (a) Cross-plot of normalized time coefficients a1(t) and a2(t), (b) normalized
time coefficients sorted along the estimated phase.
3.5 Numerical Methods
3.5.1 Large Eddy Simulation : Governing Equations and Problem For-
mulation
Numerical simulations are performed at Re = 3900 to study three dimensional flow develop-
ment around the finned cylinders. Large Eddy Simulation (LES) turbulence model is used
for the numerical modeling which resolves the large eddies depending on the grid resolution
and models the unresolved small scale eddies. The LES model is based on the spatial filtering
of the Navier stokes equations. For incompressible Navier stokes equation the filtered forms
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Figure 3.6: Schematic of the three dimensional domain used for the Large Eddy Simulation.
Where vi denotes the three velocity components along the direction x i and p, ρ, ν denotes
the pressure, air density, and kinematic viscosity, respectively. The overlines in the equations
denote the filtered variable. The subgrid stresses denoted as τi j in Eq. 3.3 is given by the
expression in Eq. 3.5.
τi j = vi v j − vi v j (3.5)
In order to model the unresolved turbulent scales the Dynamic Smagorinsky-Lilly subgrid-
scale model [70] is used. In this model, an additional test filter is applied along with the grid
filter to model the sub-grid scale eddies. This facilitates the calculation of the Smagorinsky
constant based on the information of the resolved scale instead of specifying a predetermined
constant value.
The three dimensional schematic of the domain used for the simulation is shown in
Fig. 3.6. The cylinder is located L1 = 8D downstream from the inlet of the domain, where
D is the diameter of the cylinder. For the finned cylinders, the diameter is corresponding
to the effective diameter (De f f ). The domain is extended to L2 = 22D downstream from
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the center of the cylinder. The spanwise extent of the domain is W = 6.67D and the height
of the domain is H = 13.4D, similar to the dimension of the wind tunnel test section. The
origin of the coordinate system is also shown in Fig. 3.6.
To study the three dimensional flow development using the numerical method, three
finned cylinders with diameter ratios Df /Dr = 1.25, 2, 2.5 are considered. The geometrical
parameters of the finned cylinders are given in Table. 3.1. The Reynolds number corre-
sponding to the inlet flow velocity for all cases is, Re = 3900, based on the diameter of the
cylinders.
3.5.2 Numerical Schemes and Boundary Conditions
The governing equations have been solved using a CFD code based on the finite volume
method. To resolve the pressure-velocity coupling a numerical method based on the SIMPLEC
algorithm is used. The solutions are allowed to solve in an iterative loop until the convergence
is reached. The non-dissipative central difference scheme is used for the spatial discretization
of the convective terms in the momentum equation. The Green-Gauss-node-based gradient
evaluation scheme is used for the diffusive terms. A fully implicit second-order accurate
temporal discretization is used for the time advancement. The time step for each case is
selected to ensure the maximum value of the Courant number, Co ≤ 1.
The boundary condition at the inlet is specified as a velocity inlet with uniform velocity
U∞ = 3 m/s. The outlet is specified as the pressure outlet with zero static pressure. A no-slip
boundary condition is applied at the cylinder surface. The top, bottom and both spanwise
ends also specified as the no-slip wall. An initial solution based on the steady simulation is
used to begin the calculation of the unsteady solution.
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(a)
(b)
Figure 3.7: Discretized grid distribution (a) x-y plane (b) extended view in x-z plane.
CD St Lr/D θsep −Cpb
LES [71] 1.04 0.21 1.35 88◦ 0.94
LES [72] − 0.208 1.56 − −
Experiment [72] − − 1.51 − −
LES [73] 1.015 0.215 1.36 88◦ 0.935
LES [74] 1.07 0.21 - - 1.02
present 1.06 0.215 1.47 88◦ 1.01
Table 3.2: Comparison of the statistical flow parameters for the flow over bare cylinder at
Re = 3900 with previous numerical and experimental results.
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Figure 3.8: Comparison of Mean streamwise velocity along wake centerline in the wake:
( ) present LES, ( ) LES of Kravchenko and Moin , ( ) LES of Parnaudeau et. al.
, ( ) PIV of Parnaudeau et. al.
3.5.3 Numerical Grid and Validation
The grid distribution at a x − y plane is shown is shown in Fig. 3.7 (a). The whole domain
is divided into multiple blocks to discretize the domain using hexahedral elements. An
O-grid block is created to generate refined mesh near the cylinder. The first cell distance
near the cylinder surface is selected in a way to maintain the y+ value less than 1. The
near wall cell length along the streamwise and spanwise direction is selected to keep the
largest nondimensional value of the wall units ∆x+ ' 10 and ∆z+ ' 10, respectively,
where ∆x+ = uτ∆xµ [75]. This is within the recommended value that should be used for
wall resolved LES [75]. The cells are stretched away from the surface using a constant
stretching factor in the x − y plane. For the bare cylinder uniform cell length is used along
the spanwise direction. However, for the finned cylinders, the grid distribution along the
spanwise direction is not uniform as the mesh is further refined near the fin surfaces to
resolve the boundary layer flow. An extended view of the grid distribution in the y − z plane
is shown in Fig. 3.7 (b). The total number of nodes used for the final calculation for the
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bare cylinder is approximately 1 × 107, selected based on mesh sensitivity analysis. The
total number of grid points used in the calculation for the three finned cylinder cases varied
approximately between 2.3× 107 and 2.6× 107.
To assess the accuracy of the numerical methods employed for the current investigations
the validation is performed for the bare cylinder case. The statistical mean flow parameters
for the current results in the case of the bare cylinder are compared with the results available
from the previous studies in the literature. Summarized comparison of the parameters is
given in Table. 3.2. The flow parameters considered in Table. 3.2 are the mean drag coeffi-
cient CD, Strouhal number St, mean re-circulation length Lr , angle of flow separation θ and
mean base suction coefficient −Cpb. Please note that the re-circulation length is computed
from the base of the cylinder to conform with the values reported in the literature. As seen
in Table. 3.2, the mean flow parameters for the present result agree well with the values
reported in the literature. The magnitude of the base suction coefficient predicted in the
present result is slightly higher than the results reported in the literature. The difference can
be attributed to the variation of the boundary condition used for the present study compared
to that reported in the literature such as the no-slip condition at the spanwise boundaries.
To further assess the accuracy of the present method, the mean streamwise velocity along
the wake centerline and the transverse velocity distribution in several downstream locations
are compared with the literature in Fig. 3.8 and Fig. 3.9, respectively. As evident from
the figures, the mean streamwise velocity distribution in the wake matches quantitatively
and qualitatively with the distribution found in the literature. Furthermore, the frequency
spectrum of the transverse velocity fluctuation at several downstream points along the wake
centerline is shown in Fig. 3.10 to exhibit the resolution of the resolved turbulent structures
in the wake. The validations confirm that the numerical method used for the current investi-
gation can be used to obtain results with reasonable accuracy. Moreover, further refinement
in the grid is done for the numerical computation for the finned cylinder cases.
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Figure 3.9: Comparison of Mean streamwise velocity along cross-stream direction at three
streamwise location in the wake: ( ) present LES, ( ) LES of Kravchenko and Moin ,
( ) LES of Parnaudeau et. al. , ( ) PIV of Parnaudeau et. al.






















Figure 3.10: Spectrum of the transverse velocity fluctuations at several streamwise location
along the wake centerline downstream of the bare cylinder.
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3.5.4 Acoustic modal analysis
To quantify the aeroacoustic energy transfer in the wake of the cylinders during resonance,
the strength of the acoustic sources and sinks are computed. In addition to the phase-
resolved flow field during resonance, the acoustic particle velocity distribution at each phase
is required to calculate the aeroacoustic energy transfer using Howe’s theory [15]. To obtain
the acoustic particle velocity corresponding to the first acoustic cross-mode of the duct, three
dimensional acoustic modal analysis is performed.







Where P is the acoustic pressure and c is the speed of sound. During the acoustic resonance
excitation, the transient variation of the acoustic pressure (P) inside the duct can be modeled
as a simple harmonic motion according to equation 3.7.
P(t) = Prmse
i(2π fa)t (3.7)
Where Prms is the RMS acoustic pressure and fa is the natural frequency of the first acous-
tic mode. Using this assumption of the harmonic variation of the acoustic pressure, the
Helmholtz equation in Eqn. 3.8 can be obtained from the wave equation in Eqn. 3.6.
∇2Prms + k2Prms = 0 (3.8)
Where k = 2π fa/c is the wavenumber. This Helmholtz equation is the governing equation
which can be solved by applying appropriate boundary conditions. In the present study, the
governing equation is solved using a code based on the Finite element method.
Equation. 3.8 is solved with the appropriate boundary conditions over a three dimen-
sional domain with dimensions similar to the wind tunnel test section. The inlet and outlet
ME T H O D O L O G Y 46
Figure 3.11: Discretized grid used for the Finite Element Analysis.
boundaries are placed 60D upstream and downstream from the center of the cylinder, re-
spectively, to ensure the implementation of the zero acoustic pressure boundary condition.
The discretization of the numerical grid is performed using a 4-D linear acoustic element.
The discretized grid along with extended view for the bare cylinder is shown in Fig. 3.11.
From the numerical simulations, the three dimensional acoustic pressure distribution of
the first acoustic cross-mode is obtained for all cylinders. However, to perform the calculation
of the aeroacoustic energy transfer, acoustic particle velocity at a vertical plane (x − y) at
the spanwise location same as the PIV measurement plane is required. To obtain this, the
acoustic pressure filed at the desired two dimensional plane is extracted from the three
dimensional field. The acoustic particle velocity distribution can be calculated from the
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Where ρ is the density of air. The gradient of the planar two dimensional pressure field
is first calculated. Then, the acoustic particle velocity at the plane is calculated using the
expression in equation 3.10, which is obtained from the integral of the Euler’s equation.
~ua =
Prms · ∇P(x , y, z)
2π ·ρ · fa
(3.10)
Where Prms is the measured acoustic pressure and P(x , y, z) is the normalized acoustic
pressure field at the desired vertical plane obtained from the numerical simulation.
Chapter 4
Vortex shedding characteristics in the
wake of finned cylinders.
In this chapter, the flow characteristics in the wake of the finned cylinders along with a
bare cylinder at Reynolds number, Re = 2 × 104 is presented. Results from the planar
PIV measurements at a vertical plane (x − y) without any acoustic resonance excitation is
considered to get insight into the vortex shedding characteristics in the wake of the cylinders.
4.1 Time averaged flow topology
In this section, the quantitative and qualitative time-averaged flow characteristics in the
wake of the finned cylinders along with a bare cylinder are described. In Fig. 4.1, the
time-averaged normalized streamwise velocity (u/U∞) at a vertical plane (x − y) at the
midspan of the fin (z/p = 0) as well as the midspan of the pitch between two adjacent
fins (z/p = 0.5) is shown. The streamwise velocities are normalized using the free-stream
velocity U∞. The time-averaged streamlines are also superimposed on the mean flow field in
Fig. 4.1 which is computed from the two components of the time-averaged in-plane velocity.
The mean streamwise flow field behind the bare cylinder exhibits a re-circulation zone with
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Figure 4.1: Time-averaged velocity contours along with superimposed streamlines in the x-y
plane downstream of the cylinders. (a) bare cylinder, (b) finned cylinder I (Df /Dr = 1.5,
z/p = 0), (c) finned cylinder II (Df /Dr = 2, z/p = 0), (d) finned cylinder III (Df /Dr = 2.5,
z/p = 0), (e) finned cylinder I (Df /Dr = 1.5, z/p = 0.5), ( f ) finned cylinder II (Df /Dr = 2,
z/p = 0.5), (g) finned cylinder III (Df /Dr = 2.5, z/p = 0.5).
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two symmetric counter-rotating eddies with respect to the wake centerline (y = 0). This
topology is expected for the mean streamwise velocity (u) due to time averaging of the
alternating vortex shedding process. The re-circulation zone is characterized by the presence
of reverse flow and the region bounded by the zero velocity contour defines the re-circulation
bubble. The extent of the re-circulation zone can be quantified as the distance between
the center of the cylinder and the location where the streamwise velocity first reaches zero
magnitude (u = 0) along the wake centerline. For the bare cylinder in the present study,
the re-circulation zone extends 1.6D downstream of the cylinder. The extension of the
re-circulation zone is also defined as the wake closure length (lc) and for a bare cylinder
at similar Reynolds number lc value of approximately 1.4D is reported in the literature
[27]. The difference observed in the current study is attributed to the variation in the test
conditions such as aspect ratio and blockage of the cylinder.
The topology of the mean streamwise velocity field downstream of the finned cylinders
is qualitatively similar to that of the bare cylinder. However, pronounced variation in the
size and extent of the re-circulation zone in the case of the finned cylinders can be evident
in Fig. 4.1. The mean streamwise flow field for the finned cylinder cases at the x − y plane
aligned along z/p = 0.5 is shown in Fig. 4.1 (e), ( f ) and (g). For the finned cylinder with
Df /Dr = 1.5, two symmetric eddies in the re-circulation zone are visible. However, with
increasing Df /Dr the re-circulating eddies become less apparent downstream of the cylinder.
This indicates a shrinking of the re-circulation bubble in the wake of the finned cylinder
with a large Df /Dr . The wake closure length defined similarly to that of the bare cylinder
can be used to quantify the variations of the extent of the re-circulation zone downstream
of the finned cylinders. For the finned cylinder with Df /Dr = 1.5 the wake closure length
is found to be lc ≈ 1.5De f f . The finned cylinder causes the extension of the re-circulation
zone to become shorter compared to that of the bare cylinder. The dwindling of the extent
of the re-circulation zone downstream of the straight finned cylinder with comparable fin
pitch and Df /Dr compared to a bare cylinder also reported by Arafa and Mohany [14]. The
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reason for the decrease in the wake closure length was attributed to the acceleration of the
flow between the closely spaced fins. With the increase in Df /Dr from 1.5 to 2, the wake
closure length downstream of the finned cylinder shows comparable magnitude of lc ≈ 1.48.
However, increasing the Df /Dr to 2.5 causes the extent of the re-circulation zone to be
shorter. The wake closure length (lc) value found for the finned cylinder with Df /Dr = 2.5
shows that the re-circulation zone extends 1.33De f f downstream of the cylinder. The mean
streamwise flow field for the finned cylinder cases at the x − y plane aligned along z/p = 0
in Fig. 4.1 (b), (c) and (d) exhibits similar trend with minor quantitative variation.
The minimum value of the time-averaged normalized streamwise velocity magnitude
(umin) is another quantity that provides insight into the flow characteristics inside the re-
circulation zone. The minimum non-dimensional streamwise velocity reaches a magnitude
of umin ≈ −0.23 downstream of the bare cylinder along the wake centerline (y = 0). For the
finned cylinder with Df /Dr = 1.5, the normalized umin value is found to be approximately
−0.18, which is higher compared to that of the bare cylinder. Further increase in Df /Dr
to 2 causes an increase in the normalized umin value to approximately −0.12. For the
finned cylinder with Df /Dr = 2.5 a comparable magnitude of umin ≈ −0.1 of U∞ is found.
The increase in the magnitude of umin downstream of the finned cylinders implies higher
entrainment of the free-stream fluid aft of the base region of the cylinder.
To characterize the flow development at both vertical planes (x − y) at z/p = 0.5 and
z/p = 0, the mean streamwise velocity profile along the transverse direction (y) at the
streamwise location x/De f f = 1.0 and x/De f f = 1.5 is shown in Fig. 4.2 (a), (b) and
Fig. 4.2 (c), (d), respectively. The mean velocity profile inside the re-circulation zone at
both spanwise plane, z/p = 0.5 and z/p = 0 exhibits similar characteristics as evident in
Fig. 4.2 (a) and (b). The velocity profile downstream of the bare cylinder shows higher
velocity deficit compared to the finned cylinders with the u/U∞ reaching −0.22 at the wake
centerline (y = 0) at this location. The mean steamwise velocity at both plane increases
gradually with increasing the diameter ratio (Df /Dr). In particular the mean velocity deficit
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Figure 4.2: Mean streamwise velocity along the transverse direction at fixed streamwise
location. (a) x/De f f ≈ 1 (z/p = 0.5), (b) x/De f f ≈ 1 (z/p = 0), (c) x/De f f ≈ 1.5
(z/p = 0.5), (d) x/De f f ≈ 1.5 (z/p = 0). ( ) Bare cylinder, ( ) Df /Dr = 1.5, ( ) Df /Dr = 2.0,
( ) Df /Dr = 2.5.
at the wake centerline (y = 0) increases to a value of u/U∞ ≈ −0.09 downstream of the
finned cylinder with Df /Dr = 2.5 at x/De f f = 1.0 at both plane. The mean velocity profiles
in Fig. 4.2 (c) and (d) is extracted at the streamwise location x/De f f = 1.5, outside the wake
closure length of the finned cylinders at the plane aligned along z/p = 0.5 and z/p = 0,
respectively. The mean velocity deficit (u/U∞) exhibits lower value for the finned cylinders
compared to that of the bare cylinder with velocity deficit u/U∞ becomes lowest in the wake
of the finned cylinder with Df /Dr = 2.5 at this location. The mean velocity profile at both
plane shows similar trend indicating minor variations of the flow characteristics among both
spanwise location in the wake.
The periodic Karman vortex shedding in the near wake of the cylinder causes unsteady
velocity fluctuations which give rise to the Reynolds stresses (u′u′, v′v′, u′v′). Moreover, the
transition to turbulence due to Kelvin-Helmholtz type instability in the separated laminar
shear layer also contributes to the Reynolds stresses. Therefore, it is instructive to study the
topology of the Reynolds stresses to get insight into the flow characteristics in the near wake.
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The distribution of the mean streamwise Reynolds stress (u′u′) fluctuations in the wake of
the cylinders is shown in Fig. 4.3. The streamwise Reynolds stress (u′u′) is normalized using
U2∞. For the bare cylinder in Fig. 4.3 (a), the highest fluctuations of u′u′ are concentrated
throughout the separated shear layers. There appears to be high-intensity lobe structure on
both sides of the wake centerline which is associated with the formation of vortices. The
boundary of the re-circulation bubble is denoted using the dashed line which corresponds
to the iso-contour line of the u= 0. The distribution of the u′u′ shows a symmetric pattern
with respect to the wake centerline (y = 0). Moreover, a significant level of fluctuations can
be seen along the boundary of the re-circulation bubble. For the cases of the finned cylinder
in Fig.4.3 (e), ( f ) and (g), the u′u′ distribution also shows high-intensity lobe type structure
on both sides of the shear layer symmetric with respect to the wake centerline. However, a
pronounced reduction in the level of fluctuations is evident particularly in the wake of the
large Df /Dr finned cylinders. Moreover, close inspection of the u′u′ distribution in the wake
of the finned cylinders shows that the streamwise fluctuation becomes more concentrated
away from the wake centerline (y = 0) with increasing Df /Dr of the finned cylinders. As
a result, the level of fluctuations along the boundary of the re-circulation zone decreases
significantly. The streamwise Reynolds stress along the mean re-circulation boundary exerts
a net streamwise force acting on the re-circulation bubble directed towards the cylinder as
discussed by Balachandar et al. [76] in case of a bare cylinder. Therefore, it can be inferred
that the net streamwise force acting on the re-circulation bubble will be less in case finned
cylinder with large Df /Dr . The u′u′ topology in Fig.4.3 (b), (c) and (d) at the vertical plane
aligned at z/p = 0 shows a similar trend observed in the plane aligned at z/p = 0.5.
To obtain a quantitative comparison of the streamwise Reynolds stresses among the cylin-
ders, the u′u′ along the transverse direction (y) at constant streamwise location x/De f f = 1
and x/De f f = 1.5 is shown in Fig 4.4. The profile of the u′u′ at x/De f f = 1.0 in Fig 4.4 (a)
and (b) corresponds to the plane at z/p = 0.5 and z/p = 0, respectively. The normalized
u′u′ value increases gradually while approaching the wake centerline from both side along
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Figure 4.3: Time-averaged streamwise Reynolds stress (u′u′/U2∞) in the wake of the cylin-
ders. (a) bare cylinder, (b) Df /Dr = 1.5 (z/p = 0), (c) Df /Dr = 2 (z/p = 0), (d)
Df /Dr = 2.5 (z/p = 0), (e) Df /Dr = 1.5 (z/p = 0.5), ( f ) Df /Dr = 2 (z/p = 0.5), (g)
Df /Dr = 2.5 (z/p = 0.5). The dashed line indicates the mean re-circulation boundary
plotted using isocontour line of u= 0.
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Figure 4.4: Mean streamwise Reynolds stress along the transverse direction at fixed stream-
wise location. (a) x/De f f ≈ 1 (z/p = 0.5), (b) x/De f f ≈ 1 (z/p = 0), (c) x/De f f ≈ 1.5
(z/p = 0.5), (d) x/De f f ≈ 1.5 (z/p = 0). ( ) Bare cylinder, ( ) Df /Dr = 1.5, ( ) Df /Dr = 2.0,
( ) Df /Dr = 2.5.
the transverse direction and reaches a maximum value inside the shear layer. The maxi-
mum u′u′ fluctuation value reaches 25% of U2∞ in case of the bare cylinder at this location.
For the finned cylinder with Df /Dr = 1.5 the maximum u′u′ fluctuation level reduces to
approximately 19% of U2∞. With increasing the Df /Dr of the finned cylinders the maxi-
mum fluctuation level decreases gradually reaching 15% of U2∞ in the case of Df /Dr = 2.5.
Outside the re-circulation zone of the finned cylinders at x/De f f = 1.5, a similar trend is
evident for the the transverse distribution of the u′u′ in Fig. 4.4 (c) and (d). In particular, a
maximum u′u′ of 23% of U2∞ in the wake of bare cylinder is found while the maximum u
′u′
decreases gradually to 16% of U2∞ in the wake of finned cylinder with Df /Dr = 2.5.
The extent of the vortex formation length (l f ) downstream of the cylinder is an important
parameter that affects the near wake pressure distribution as well as the dynamic loading
on the cylinder. The vortex formation length downstream of the cylinder can be quantified
using the distance between the center of the cylinder and the location where the streamwise
Reynolds stress first reaches the maximum along the wake centerline. This definition is
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Figure 4.5: (a) Wake closure length (lc) and (b) vortex formation length (l f ) downstream
of the cylinders at the plane located at z/p = 0.5.
found to provide a robust method to quantify the vortex formation length (l f ) for a single
bare cylinder [26] and used in studies related to the bluff body in the literature [2, 27]. For
the bare cylinder, the vortex formation length (l f ) is found be approximately l f = 1.7De f f .
This is comparable to the extent of the wake closure length (lc) defined as the end of the
re-circulation zone. For the finned cylinders, the vortex formation length is calculated
using the same definition from the data at the vertical plane aligned at z/p = 0.5 and
plotted in Fig. 4.5 (b). The wake closure length is also shown in Fig. 4.5 (a). The vortex
formation length in the wake of the finned cylinders decreases compared to that of the bare
cylinder. With the addition of fins of Df /Dr = 1.5 the vortex formation length is found to
be l f ≈ 1.52De f f . The increase in the Df /Dr from 1.5 to 2 causes a minor variation and
the vortex formation length decreases to l f ≈ 1.48. However, a further increase in Df /Dr
to 2.5 causes a reduction in the vortex formation length. The vortex formation length in
case of the finned cylinder with Df /Dr = 2.5 is found to be l f ≈ 1.4De f f . The wake closure
length in Fig. 4.5 (a) and the vortex formation length in Fig. 4.5 (b) shows a consistent
trend for all cylinder cases. The changes in the vortex formation length in the wake of the
finned cylinders stems from the variation in the flow characteristics in the spacing between
the fins [14]. Arafa and Mohany [14] reported that the accelerated flow through the tight
spacing between the fins causes the roll-up of vortices in the shear layer closer to the cylinder
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base. Although the spacing between the fins is kept constant for the current study, it can be
inferred that the characteristics of the flow between the fins dictate the changes observed in
the formation length with variation in diameter ratio (Df /Dr).
The time-averaged distribution of the transverse Reynolds stress v′v′ fluctuations is
shown in Fig. 4.6. The location of the maximum along the centerline v′v′ is also indicated in
the figure using the symbol ’×’. The magnitude of the normalized v′v′ reaches the maximum
value for all cases at the wake centerline due to the passage of the vortices from both shear
layers. For the bare cylinder, the maximum v′v′ is located at 1.75D downstream from the
center of the cylinder just outside the end of the re-circulation zone. The peak transverse
Reynolds stress fluctuation for the bare cylinder is found to be 45% of U2∞. For the finned
cylinders, the amplitude of the transverse fluctuation v′v′ increases compared to that of the
bare cylinder as evident from Fig. 4.6 (e), ( f ), (g) at the plane aligned at z/p = 0.5. The
peak value of v′v′ along the wake centerline is found to be approximately 50% of U2∞ for
all the finned cylinders. However, the location of the maximum v′v′ does not align with the
end of the re-circulation zone in the wake of finned cylinders unlike the case of the bare
cylinder. Note that, the transverse velocity fluctuations provide the major contribution of
the fluctuating kinetic energy in the wake of bluff bodies. Therefore, the increase in the
amplitude of the transverse Reynolds stress implies an increase in the magnitude of the
fluctuating kinetic energy in the wake of the finned cylinders. The characteristics of the
v′v′ fluctuations shown in Fig. 4.7 (b), (c), (d) at the plane aligned at z/p = 0 exhibits
comparable topology with minor variations in the quantitative values found in the other
plane.
The Reynolds shear stress (u′v′) is an important flow parameter that contributes to the
momentum transport in the wake of the cylinder. In Fig. 4.7 the mean Reynolds shear
stress (u′v′) fluctuations in the wake of the cylinders are shown. Unlike the Reynolds
normal stresses (u′u′, v′v′) the shear stress exhibits an anti-symmetric topology due to the
antisymmetry of the Karman vortex shedding in the wake. The boundary of the mean re-
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Figure 4.6: Time-averaged transverse Reynolds stress (v′v′/U2∞) in the wake of the cylinders.
(a) bare cylinder, (b) Df /Dr = 1.5 (z/p = 0.5), (c) Df /Dr = 2 (z/p = 0.5), (d) Df /Dr = 2.5
(z/p = 0.5), (e) Df /Dr = 1.5 (z/p = 0), ( f ) Df /Dr = 2 (z/p = 0), (g) Df /Dr = 2.5
(z/p = 0).
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circulation zone is indicated using the dashed line in the figure as well. A maximum of
12% of U2∞ for the (u
′v′) fluctuation is found in the wake of the bare cylinder. Cantwell
and Coles [77] reported a nondimensional Reynolds stress magnitude of 13% of U2∞ at
higher Reynolds number in case of a bare cylinder. The distribution of the (u′v′) along
the mean re-circulation boundary is negligible except near the end of the re-circulation
zone which agrees with the observation of Balachandar et al. [76]. The higher fluctuations
are distributed either inside the re-circulation boundary or outside of it. For the finned
cylinder with Df /Dr = 2,2.5, a overall reduction in the intensity of (u′v′) fluctuation can
be evident in Fig. 4.7 ( f ), (g) throughout the separated shear layer region. However, the
peak value of the fluctuation for all the finned cylinders cases is found to be around 10-12%
of U2∞. Close inspection of the (u
′v′) topology shows that the fluctuation values along the
mean re-circulation become significant with increasing Df /Dr of the cylinder due to the
reduction in the size of the re-circulation bubble. This has a consequence on the distribution
of the pressure around the cylinder as reported in literature [76]. Balachandar et al. [76]
showed that the net streamwise force due to normal Reynolds stress along the re-circulation
boundary dominates the force due to shear stress acting along the re-circulation boundary
on the opposite direction in case of a bare cylinder. As a result, the pressure on the leeward
side of the cylinder becomes higher than the pressure along the re-circulation boundary. In
contrast, when the force due to shear stress dominates the force due to streamwise normal
stress the pressure on the leeward side of the cylinder becomes lower [76]. For the current
study, part of the data along the re-circulation boundary is discarded due to the unreliability
of the data near the cylinder surface which prohibits to perform an integration along the
boundary to calculate the forces acting on it. However, it can be argued that the force
due to shear stress acting on the re-circulation bubble will be higher than the force due to
streamwise normal stress (u′u′) in the wake of finned cylinder based on the results shown
earlier. As a result, the pressure at the base of the finned cylinder will be lower compared to
that of the bare cylinder. Indeed, the distribution of pressure coefficient around the cylinder
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Figure 4.7: Time-averaged Reynolds shear stress (u′v′/U2∞) in the wake of the cylinders.
(a) bare cylinder, (b) Df /Dr = 1.5 (z/p = 0.5), (c) Df /Dr = 2 (z/p = 0.5), (d) Df /Dr = 2.5
(z/p = 0.5), (e) Df /Dr = 1.5 (z/p = 0), ( f ) Df /Dr = 2 (z/p = 0), (g) Df /Dr = 2.5
(z/p = 0).
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Figure 4.8: Time-averaged in-plane turbulent kinetic energy in the wake of the cylinders.
(a) bare cylinder, (b) Df /Dr = 1.5 (z/p = 0.5), (c) Df /Dr = 2 (z/p = 0.5), (d) Df /Dr = 2.5
(z/p = 0.5).
observed in the study of Arafa and Mohany [14] in the case of a bare cylinder and a finned
cylinder with comparable fin parameters is found to agree with the observation.
The in-plane turbulent kinetic energy K .E.=12(u′u′ + v′v′) in the wake of the cylinders
is shown in Fig. 4.8. As mentioned before, the transverse Reynolds stress is the major
contributor to the turbulent kinetic energy. As a result, in Fig. 4.8 the high value of the
kinetic energy can be evident in the region around the maximum v′v′ observed in Fig. 4.6.
The maximum value of the turbulent kinetic energy reaches 29% of U2∞ in the wake of the
bare cylinder. For finned cylinders, the peak value of the kinetic energy is found to be of
comparable magnitude with the bare cylinder. However, a higher value of the turbulent
kinetic energy is evident in the shear layer region downstream of the bare cylinder compared
to the finned cylinders with Df /Dr = 2,2.5 in the Fig. 4.8.
In Fig. 4.9 the time-averaged in-plane turbulence production downstream of the cylinders
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Figure 4.9: Time-averaged in-plane turbulence production (PT ) in the wake of the cylinders.
(a) bare cylinder, (b) Df /Dr = 1.5 (z/p = 0.5), (c) Df /Dr = 2 (z/p = 0.5), (d) Df /Dr = 2.5
(z/p = 0.5).
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is shown which is calculated using the expression in Eqn. 4.1. This expression arises as
to the production term in the transport equation of the turbulent kinetic energy which is
obtained from the time-averaging of the Navier-Stokes equation. In turbulent flow, the large
eddies extract energy from the mean flow which is then transferred to smaller eddies until it
dissipates according to the energy cascade. The time-averaged production term in Eqn. 4.1
takes into account the initial energy transfer from the mean flow to the fluctuating field
by the large eddies. Therefore, PT > 0 is analogous to energy sink for the mean flow and















As can be seen from the Eqn. 4.1, both normal Reynolds stresses (u′u′, v′v′) and the Reynolds
shear stress (u′v′) contributes to the total turbulence production (PT ). The turbulence
production downstream of the bare cylinder is distributed throughout the separated shear
layer as evident in Fig. 4.9 (a). The region of higher turbulence production coincides with
the region of high Reynolds stress fluctuations. In general, the production of turbulence in
the near wake region reduces in the wake of the large Df /Dr finned cylinders which agree
with the topology of the turbulent kinetic energy. Moreover, the production of turbulence in
the separated shear layer downstream of the bare cylinder is much higher than that of the
finned cylinders with large Df /Dr cases. This not surprising as a pronounced reduction in
the Reynolds stress fluctuations is observed in this region downstream of the large Df /Dr
finned cylinders in Fig. 4.3 and 4.7. This implies a reduction in the random fluctuations in
the near wake region of the finned cylinders with large Df /Dr and as a result less energy
being extracted from the mean flow.
In Fig. 4.10 the distribution of the time-averaged normalized spanwise vorticityωDe f f /U∞
is plotted. A distinct variation in the extent of the time-averaged shear layers is evident from
the figure. For the bare cylinder, the extent of the shear layers conforms with the length
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Figure 4.10: Time-averaged spanwise vorticity in the wake of the cylinders. (a) bare cylinder,
(b) Df /Dr = 1.5 (z/p = 0.5), (c) Df /Dr = 2 (z/p = 0.5), (d) Df /Dr = 2.5 (z/p = 0.5).The
dashed line superimposed on the contour indicates the time averaged shear layer trajectory.
of the recirculation zone. The addition of fins makes the extent of the shear layers shorter
downstream of the cylinder indicating an earlier diffusion of the mean vortices. Moreover,
increasing Df /Dr from 1.5 to 2.5 results in a further decrease in the extent of the shear layers.
Furthermore, the trajectory of the time-averaged separated shear layer is superimposed on
the vorticity contours. The time-averaged trajectories are plotted using a spline fit through
the maximum mean vorticities at each streamwise location along the shear layer. Compared
to the bare cylinder, the trajectory of the separated shear layer downstream of the finned
cylinders with Df /Dr = 2, 2.5 portrays an increased curvature near the cylinder.
Another interesting observation to note is the differences in the shear layer thickness
among the cylinders. The vorticity thickness can be used to characterize the shear layer
thickness as well as the growth of the shear layer using the following expression as used in
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Figure 4.11: Time averaged vorticity thickness in the shear layer region downstream of the
cylinders.





where umax and umin is the maximum and minimum streamwise velocity in the shear layer,
respectively and (du/d y)max is the maximum velocity gradient in the shear layer. Fig. 4.11
shows the vorticity thickness in the shear layer region for all cylinder cases at several stream-
wise locations. As evident from Fig. 4.11, two distinct regions of linear growth of the
shear layer can be evident downstream of the bare cylinder. An initial region with smaller
growth rate (dδw/d x) can be seen until x/De f f ≈ 1.0 and the growth rate increases further
downstream which agrees with the observation of Cardell [79]. There is an increase in the
time-averaged vorticity thickness observed for the finned cylinders in comparison to the
bare cylinder. In particular, the increase in the vorticity thickness is pronounced close to the
cylinder surface for the finned cylinders as Df /Dr increases. Moreover, a significant increase
in the growth rate of the shear layer occurs downstream of the finned cylinders especially
for the finned cylinder with Df /Dr = 2.5.
The variations in the vorticity thickness and the growth of the shear layer imply a change
in the mean flow profile inside the shear layer. The mean streamwise velocity and the
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corresponding velocity gradients inside the shear layer at a streamwise location of x/De f f ≈
0.8 are shown in Fig. 4.12. The velocity difference (umax − umin) across the shear layer does
not vary significantly among the cylinders. Therefore, an increase in the vorticity thickness
implies that a weak velocity gradient(du/d y) is present in the shear layer for large Df /Dr
cases according to Eqn. 4.2. Indeed a pronounced decrease in the magnitude of the velocity
gradient inside the shear layer is evident in Fig. 4.12 (b) in case of the finned cylinder with
Df /Dr = 2.5.
Another observation to notice is the occurrence of the concomitant increase in vorticity
thickness (δw) in the shear layer region and the pronounced decrease in the streamwise
Reynolds stress (u′u′) in case of the finned cylinders. Lyn and Rodi [80] also observed a
similar phenomenon in the turbulent shear layer downstream of a square cylinder using the
phase averaged flow field. They mentioned that the velocity gradient (du/d y) affects both
the vorticity thickness (δw) and the streamwise velocity fluctuation (u
′) and the simultaneous
variation of δw and u
′ is expected due to a variation in du/d y . This is indeed the case found
for the finned cylinders with large Df /Dr , where the reduction in velocity gradient causes
an increase in vorticity thickness and a simultaneous reduction in the streamwise Reynolds
stress.
Furthermore, it is instructive to compare the flux of the spanwise vorticity in the shear
layer region. The vorticity flux in one of the separated shear layer can be computed using









The integration has been performed outside the trailing edge of all the cylinders from
the wake centerline(y = 0) to the edge of the upper shear layer (y = ymax), where the
streamwise velocity reaches 95% of the maximum velocity in the shear layer. The vorticity
flux (Ks) downstream of all the cylinders is normalized using U
2
∞ and plotted in Fig. 4.13.
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Figure 4.12: (a) Mean streamwise velocity profile and (b) velocity gradient inside the shear
layer at x/De f f ≈ 0.8.
The vorticity flux in the separated shear layer downstream of the bare cylinder is found to be
90% of U2∞. The vorticity flux in case of a bare cylinder is expected to scale approximately as
Ks∝ U2∞ [1, 6]. The slight difference is attributed to the higher Reynolds number used for
the current study than used in those studies [1, 6]. The vorticity flux in the case of the finned
cylinder with Df /Dr = 1.5 exhibits a slight reduction than the bare cylinder. With increasing
Df /Dr the vorticity flux reduces more and reaches a value of 75% of U
2
∞ in case of the finned
cylinder with Df /Dr = 2.5. The reduction of vorticity flux in the shear layer in case of a finned
cylinder with Df /Dr = 2 and comparable fin pitch (p) also observed in the study of McClure
and Yarusevych [6]. They attributed the reduction of the streamwise flow momentum in the
shear layer due to lateral vorticity generation in between the fins to cause the reduction in
vorticity flux. Indeed for the current study pronounced reduction in the streamwise velocity
gradient can be seen in the high-velocity region between 0.5 < y/De f f < 0.7 in Fig. 4.12.
Therefore, the reduction of u dud y is likely the cause of the vorticity flux to be lower in the case
of the finned cylinder with large Df /Dr .
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Figure 4.13: Vorticity flux in the separated shear layer. Dashed line denotes the vorticity
flux of the bare cylinder.
4.2 Unsteady flow topology
In this section, the flow characteristics associated with the unsteady velocity field in the
wake are described. In Fig. 4.14 the frequency spectrum corresponding to the streamwise
velocity fluctuations from the hot-wire measurement at a location of x/De f f = 2.5 and
y/De f f = 2 is presented. The frequency ( f ) is presented in terms of the Strouhal number
St = f De f f /U∞, normalized using the effective diameter De f f and the free-stream velocity
U∞. As evident from Fig. 4.14, for all the cylinder cases the frequency spectrum shows a
clear peak around Strouhal number, St = 0.2. This confirms the occurrence of the quasi-
periodic vortex shedding in the wake of all the cylinders. The peak around the shedding
frequency becomes pronounced with the addition of the straight fins compared to the bare
cylinder. Moreover, there is an increase in the sharpness of the peak with the increase in
Df /Dr . It can be deduced from the observation that with the increase in Df /Dr the vortex
shedding becomes more periodic in the wake of the straight finned cylinders. Furthermore,
the peak at twice the Strouhal number corresponding to vortex shedding frequency (first
harmonic), becomes more sharp with the increase in Df /Dr . Note that, the appearance of
a strong peak around the high harmonics of the vortex shedding frequency also observed
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Figure 4.14: Frequency spectrum of the streamwise velocity fluctuation in the wake at the
location x/De f f = 2.5 and y/De f f = 2 (the spectrums are offset by 2 order of magnitude
for clarity).
in the study of other types of the finned cylinder ([42]). (Ziada et al. [42]) suggested that
the strong peak at the high harmonic arises as a result of the nonlinearities in the wake flow
development due to an increased level of velocity fluctuations corresponding to the vortex
shedding.
The Proper Orthogonal Decomposition (POD) analysis is performed to gain more insight
into the unsteady wake characteristics. POD analysis provides an energy-based decomposi-
tion of the fluctuating part of the flow field. The snapshot based POD analysis (Sirovich [69])
is used for the current study as it is computationally amenable to process large ensembles
of the PIV flow field realizations. Moreover, it is suitable to process statistically uncorrelated
data in time. The snapshot based POD analysis is implemented based on 1000 flow field
realizations. The eigenvalues corresponding to the POD modes are associated with the
fluctuating kinetic energy in the wake of the cylinders.
In Fig. 4.15 (a), (b) the percentage of the relative and cumulative contribution from the
first 100 POD modes to the fluctuating kinetic energy in the wake is plotted, respectively.
For all the cylinders the energy contained in the first two POD modes is dominant which
is expected for a bluff body wake(Van Oudheusden et al. [81]). In particular, the first two















































Figure 4.15: Energy distribution of the the POD modes showing the contribution to the
fluctuating kinetic energy (a) Mode energy (%) (b) Cumulative mode energy (%). ( ) Bare
cylinder, ( ) Df /Dr = 1.5, ( ) Df /Dr = 2.0, ( ) Df /Dr = 2.5.
modes are associated with the Von Karman vortex shedding in the wake of the cylinder.
The cumulative energy captured in the first pair of modes for the bare cylinder is found to
be approximately 47%, in agreement with the results reported in the literature (McClure
and Yarusevych [6], Kourentis and Konstantinidis [82]). The contribution from Mode 3 and
beyond are much lower compared to the first pair of modes. The higher modes represent
the fluctuations associated with the high harmonics of the primary vortex shedding and
the small scale structures. For finned cylinder I with Df /Dr = 1.5 the cumulative energy
captured in the first pair of spatial modes increases to approximately 58%. With a further
increase in Df /Dr to 2 and 2.5, the cumulative energy in the first two spatial modes increases
to 60% and 66%, respectively. Therefore, it can be deduced that for the finned cylinder with
increasing Df /Dr , fluctuating kinetic energy associated with the coherent vortex shedding
in the wake increases.
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4.2.1 Phase-resolved flow topology
In this section, the phase-resolved vortex shedding cycle is reconstructed from the POD
analysis performed using the randomly sampled 1000 PIV flow field data. The velocity
spectrum in Fig. 4.14 indicates strong periodicity associated with the vortex shedding in the
wake. Moreover, the first pair of POD modes capture over 45% of the total fluctuating energy
associated with vortex shedding in the wake for all cases. Therefore, a phase-averaged flow
field can be obtained by identifying the phase of the realizations using the time coefficients
of the first dominant pair of POD modes. This approach has been used to obtain the phase-
resolved flow field in the wake of the bluff body in other studies (Van Oudheusden et al.
[81], Kourentis and Konstantinidis [82], Perrin et al. [83], Shaaban and Mohany [84]).
To get the phase-resolved flow fields the phase instants of each instantaneous flow field
are identified using the time coefficients of the first pair of POD modes using the method
outlined in section 3.4.3. The instantaneous flow fields with identical phase instants are
sorted using a phase bin size of 22.5◦. This results in a total of 16 discrete phase bins
containing approximately 60 instantaneous flow fields in each bin. The phase averaged flow
fields are obtained by averaging the instantaneous flow fields in each bin. The phase-resolved
vorticity fields are then evaluated from the phase averaged flow field corresponding to the
16 phase instants.
In Fig. 4.16 the phase-resolved vorticity fields in the wake of all the cylinders corre-
sponding to two arbitrary phase instants φ1 and φ2 are plotted. To study the phase-resolved
vortex dynamics in the wake of the cylinders the evolution of the strength of the vortices and
the centroid of the vortices along the downstream location is considered. The circulation
of the vortices is a robust parameter to quantify the strength of the vortices in the wake.
However, proper identification of the vortex region is required to calculate the circulation of
the vortices. The method used to identify the region of vortices and therefore the calculation
of the circulation is not universal in the literature. There are several methods prevalent in the
literature to identify vortices in the wake of the bluff body such as Q -criterion which is based
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Figure 4.16: Phase-resolved vorticity field at arbitrary phase instants φ1 and φ2. (a-b) Bare
cylinder, (c-d) Df /Dr = 1.5, (e- f ) Df /Dr = 2, (g-h) Df /Dr = 2.5.
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on the invariant of the velocity gradient tensor∇~u [85] and λ2 criterion based on the hessian
of the pressure field [86]. In the current study the coherent vortex regions are identified
using the λ2 criterion [86]. The identification of the vortical structures using λ2 criterion
is based on the identification of the local pressure minima associated with vortical motion.
This leads to the computation of the two positive eigenvalues of the pressure hessian or
equivalently computation of the two negative eigenvalues of the tensor Si jS jk +Ωi jΩ jk [86].
The region with λ2 < 0 defines the vortical regions, where λ2 is the second eigenvalue of
the tensor Si jS jk+Ωi jΩ jk when the two eigenvalues are sorted according to their magnitude.
In Fig. 4.16 the black contour lines denotes the vorticity regions identified using the λ2
criterion. A threshold value of λ2 ≤ 0.01 is used to identify the vortex regions in Fig. 4.16.
To compute the circulation of the wake vortices, the area integral of the vortices bounded
by the λ2 contours in Fig.4.16 is used. For discrete grid points the circulation (Γ ) can be




ωi j∆Ai j (4.4)
Where ωi j and ∆Ai j are the discrete vortices and the corresponding areas within the region.
To obtain the location of the vortices the centroid of the region bounded by the λ2 contours
are computed. The circulation of the wake vortices is calculated following the detachment
of the vortex from the shear layer region. In Fig. 4.16 the centroid of the vortices considered
for the computation of the circulations are marked using the symbol ’×’. The circulations
and the location of the detached vortices corresponding to the 16 phase averaged vorticity
fields are computed. The resulting evolution of the phase averaged vortex strength along
the downstream direction is shown in Fig. 4.17 in the wake of the cylinders.
In Fig. 4.17 (a), the normalized circulation of the bare cylinder following the detachment
from the shear layer is found to approximately 2.0. This agrees with the normalized circula-
tion value reported for a bare cylinder in the literature [6]. As the vortices move towards
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Figure 4.17: Phase averaged vortex strength in the wake of the cylinders. (a) bare cylinder,
(b) Df /Dr = 1.5, (c) Df /Dr = 2, (d) Df /Dr = 2.5.
downstream direction losses of vorticity occur due to cross-diffusion and annihilation by
mixing of vortices with opposite signs of circulation [87]. As a result, the vortex strength
gradually decays as the vortices travel downstream. The evolution of the strength of vortices
in the wake of the finned cylinders exhibits similar characteristics as evident in Fig. 4.17. Due
to the nature of the turbulent wake slight scatter in the data points are evident in Fig. 4.17.
Therefore, a line is fitted through the data in Fig. 4.17 using the least square method to
compare the strength of the vortices among the cylinders. The resulting best fit lines for
each cylinder cases are plotted in Fig.4.18. The normalized vortex strength in the wake of
the finned cylinders increases than that of the bare cylinder. Furthermore, the strength of
the vortices increases with the increase in Df /Dr from 1.5 to 2. Also, the strength of the
vortices remains higher as it travels downstream for the finned cylinder with Df /Dr = 2
than that of the finned cylinder with Df /Dr = 1.5. However, the vortex strength does not
increase when increasing the Df /Dr from 2 to 2.5. Another thing to note is the similarity in
the slope of the best fit lines among all cylinders. This indicates that the decay rate of the
vortices remains the same in the wake of the bare cylinder and the finned cylinders.
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Figure 4.18: Comparison of the phase averaged vortex strength in the wake of the cylinders.
The instantaneous flow field in the turbulent flow consists of mean flow along with a
fluctuating component. This fluctuating part can be further decomposed into a periodic
fluctuation and random fluctuation [88] as shown in Eqn. 4.5, which is known as the
Reynolds decomposition.
Ui(t) = U + ũ+ u
′′ (4.5)
Where U is the mean flow component, ũ is the periodic fluctuation component and u′′ is
a component from the random fluctuation. The topology of the time-averaged Reynolds
stresses discussed in section 4.1 shows both the combination of the stresses due to the periodic
and random fluctuations. However, using the Reynolds decomposition the contribution from
the periodic fluctuations due to the coherent structures and the random fluctuations towards
the total velocity fluctuations can be obtained. The phase averaged flow field consists of the
mean flow and the periodic fluctuation component as given in Eqn. 4.6. The component of
the random fluctuation (u′′) in the phase averaged flow becomes zero.
< Ui >= U + ũ (4.6)
Where < Ui > denotes the phased averaged flow variables. For the current study, the phase
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averaged flow fields are obtained for 16 phase instants as mentioned previously. The periodic
component of the Reynolds stress fluctuations (ũũ, ṽ ṽ, ũṽ) are computed from the 16 phase
averaged flow fields. The total fluctuating Reynolds stresses can be decomposed into the
periodic and random component as shown in the expression in Eqn. 4.7.
u′iu
′





Following the computation of the periodic Reynolds stresses the random part of the Reynolds
stresses can be computed from the subtraction of the periodic component from the total.
The contours of the total Reynolds stresses (u′iu
′
j) and the contribution from the periodic




j ) downstream of the bare
cylinder is shown in Fig. 4.19. For the streamwise Reynolds stress, the periodic component
shows a two-lobe structure with the maximum being located near the vortex formation
region. The contribution of the periodic component of the streamwise Reynolds stress
near the centerline is insignificant. However, the random part of the streamwise Reynolds
fluctuations shows a one lobe structure in contrast with the total and periodic fluctuation.
This topological distribution agrees with the previous studies in the literature [77, 89].
Govardhan and Williamson [89] found that for a bare cylinder the total streamwise Reynolds
stress increases with increasing the flow Reynolds number from 3900 to 140000. However,
the periodic component of the streamwise Reynolds stress was comparable among the two
Reynolds numbers. The increase in the total streamwise Reynolds stresses was attributed
to the increase in random fluctuation due to the higher strength of the Kelvin-Helmholtz
vortices in the shear layer region. For the bare cylinder in the present study, the random part
of the streamwise Reynolds stress shows higher contribution as well in the shear layer region
compared to the contribution from the periodic part as evident in Fig. 4.19. In the case of
the transverse Reynolds stress, the periodic and random part show similar topology with
single lobe distribution. However, the periodic part is found to be dominant than the random
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Figure 4.19: Contours of the total Reynolds stresses along with contribution the periodic
and random components in the wake of the bare cylinder.
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part of the transverse Reynolds stress as evident in Fig. 4.19. Govardhan and Williamson
[89] found that the contribution from the peak periodic transverse Reynolds stress to the
peak total transverse Reynolds stress was 78% at Re = 3900 for a bare cylinder. For the
current study, the contribution to the peak value of the transverse Reynolds stress from the
periodic part is found to be approximately 82%. For the Reynolds shear stress, the periodic
part contributes more to the total than the random part. Moreover, the contribution to the
total Reynolds shear stress inside the re-circulation zone seems to come mostly from the
periodic fluctuation.
The topology of the total Reynolds stresses along with the periodic and random compo-
nent in the wake of the finned cylinder with Df /Dr = 2.5 is shown in Fig. 4.20. In contrast
to the bare cylinder, the contribution from the periodic fluctuation to the total streamwise
Reynolds stress dominates in the shear layer region. The random fluctuating part shows
a negligible contribution to the total streamwise Reynolds stress. This implies a reduction
in the intensity of the shear layer instability in the case of the finned cylinder. The major-
ity of the transverse Reynolds stress fluctuations come from the periodic part as evident
in Fig. 4.20. The peak contribution from the periodic component to the total transverse
Reynolds stress increases to 92% in the case of the finned cylinder with Df /Dr = 2.5. This
implies the fluctuations from the coherent vortex structures are higher than the random
fluctuations in the wake of the finned cylinder with large Df /Dr . Moreover, the periodic
part of the Reynolds shear stress creates the majority of the total Reynolds shear stress in
the wake of the finned cylinder with Df /Dr = 2.5.
It is instructive to obtain a quantitative comparison of the relative contribution from the
periodic and random fluctuations to the total streamwise and transverse Reynolds stress as
well as the fluctuating kinetic energy in the wake of the cylinders. To get the comparison the
area integral of the fluctuating Reynolds stresses and the kinetic energy along the transverse
profiles with increasing downstream distance are calculated. The resulting values are plotted
in Fig. 4.21 showing the integrated total Reynolds stresses and kinetic energy along with
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Figure 4.20: Contours of the total Reynolds stresses along with contribution the periodic
and random components in the wake of the Finned cylinder III, Df /Dr = 2.5.
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the relative contribution from the periodic and random part. For the bare cylinder, the
contribution from the random part to the total integrated streamwise Reynolds stress remains
higher throughout the wake. However, in the case of the finned cylinders, the periodic
component contributes more to the integrated streamwise Reynolds stress in the shear layer
region and the near wake until approximately x/De f f = 3.5. The periodic contribution
between the location 4 < x/De f f < 6 to the total integrated streamwise Reynolds stress
becomes lower than the random part. This indicates that the effect of the fins on the
flow characteristics reduces with increasing downstream distance. The contribution of the
periodic part to the integrated transverse Reynolds stress in the wake is higher for all the
cylinders. However, the periodic parts contribute more to the integrated transverse Reynolds
stress in the wake of the large Df /Dr finned cylinders. The maximum relative contribution
from the periodic part to the total integrated transverse Reynolds stress in the wake of
the bare cylinder is 75% whereas for the finned cylinder with Df /Dr = 2.5 it reaches to
88%. This enhancement of the contribution from the periodic part to the total integrated
transverse Reynolds stress in the wake of the finned cylinders also reflected on the results of
the fluctuating kinetic energy. For the bare cylinder, the maximum relative contribution from
the periodic to the total integrated kinetic energy in the wake is found to be approximately
62%. A pronounced enhancement in the relative contribution from the periodic part to the
total integrated kinetic energy is evident in the wake of the large Df /Dr finned cylinders
with the maximum contribution reaches to 83% downstream of the finned cylinder with
Df /Dr = 2.5.
4.3 Summary
The vortex shedding characteristics in the wake of straight circular finned cylinders are
investigated using planar PIV measurements. In particular, the effect of diameter ratio
Df /Dr on the wake vortex shedding process is elucidated while keeping the other non-








































































































































































Figure 4.21: The relative contribution of the integrated periodic and random component
to the total integrated normal Reynolds stresses and kinetic energy. (a, d, g, j) integrated
streamwise Reynolds stress, (b, e, h, k) integrated transverse Reynolds stress, (c, f, i, l)
integrated fluctuating kinetic energy.
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dimensional parameters constant. The change in diameter ratio Df /Dr influences the wake
vortex shedding process among the finned cylinders. The increase in Df /Dr from 1.5 to 2.5
induces a significant reduction in the extent of the recirculation zone downstream of the
cylinder. Moreover, a lower streamwise velocity deficit in the base region of the large Df /Dr
finned cylinder is found which implies higher entrainment of the free-stream fluid by the
turbulent shear layer. However, the level of turbulence production in the shear layer region
decreases downstream of the large Df /Dr finned cylinders. This implies the presence of an
alternative mechanism of the flow entrainment in the base region of the finned cylinders.
A more periodic vortex shedding process in the wake of the finned cylinders is found
with the increase in Df /Dr . The addition fins also increase the strength of the vortices in the
wake of the cylinder. However, the vortex strength is found to be similar in the wake of the
finned cylinder with Df /Dr = 2 and 2.5. Furthermore, separating the coherent and random
fluctuations using the Reynolds decomposition of the phase averaged flow field provides
additional insight into the unsteady vortex shedding process. The intensity of the shear
layer instability decreases downstream of the large Df /Dr finned cylinder since the periodic
streamwise fluctuations dominate in that region. Moreover, the majority of the fluctuating
kinetic energy is provided by the coherent structures in the wake of the finned cylinders
with increasing Df /Dr .
The flow characteristics observed from the planar PIV measurements lead to the unequiv-
ocal conclusion that the effect of fins on the flow development is more pronounced in the
near wake especially in the shear layer region. This implies the occurrence of significant
variations of the flow behavior in between the fins. However, obtaining reliable flow mea-
surements using the PIV is quite impossible as a result of the obstruction of the view of the
measurement plane in the midspacing by the fins. Therefore, numerical simulations are
used to obtain further insight into the flow development around the finned cylinders which
will be discussed in the next chapter.
Chapter 5
Numerical study of flow development
around finned cylinders.
In this chapter, the numerical results of the three dimensional flow development around the
finned cylinders along with a bare cylinder are discussed. The numerical study is carried out
using three dimensional Large Eddy simulation at flow velocity corresponding to Reynolds
number Re ≈ 3900. Three finned cylinders with diameter ratios Df /Dr = 1.25, 2 and 2.5
are investigated to understand the effect of changing the Df /Dr on the three dimensional
flow development, in between the fins and downstream of the cylinders.
5.1 Overview of the flow development
Before discussing the three dimensional flow development, the size and extent of the mean
re-circulation zone downstream of the cylinders are shown in Fig. 5.1 at the vertical plane
(x − y) similar to the PIV measurement plane. A qualitative agreement is sought due to
the difference in the Reynolds number between the numerical study and the experimental
results discussed in chapter 4. The mean re-circulation zone boundary is plotted in Fig. 5.1
using the iso-contour line of the mean streamwise velocity of u = 0. For the finned cylinders,
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(a) Bare cylinder (b) Df/Dr = 1.5













(c) Df/Dr = 2
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x/Deff
(d) Df/Dr = 2.5
Figure 5.1: The mean re-circulation boundary downstream of the cylinders illustrated using
the iso contour of u= 0.
the solid line denotes the re-circulation boundary at the plane aligned at z/p = 0.5 while
the dashed line denotes the re-circulation boundary at the plane at z/p = 0. The extension
of the re-circulation zone downstream of the bare cylinder is found to be lc/D ≈ 1.8. The
re-circulation zone extent reduces in the wake of the finned cylinders as evident in Fig. 5.1.
The re-circulation zone at both planes at z/p = 0.5 and z/p = 0 shows the same extent and
size downstream of the finned cylinders. Moreover, the reduction of the re-circulation zone
extent is visible in Fig. 5.1 with the increasing Df /Dr of the finned cylinders. This agrees
qualitatively with the trend of the re-circulation zone extent found experimentally in chapter
4 at higher Reynolds number.
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5.1.1 Flow separation and boundary vorticity flux
In this section, the mean flow development near the surface of the finned cylinders along
with the bare cylinder is described. We begin our discussion by examining the effect of
the addition of fins around the bare tube on the flow separation from the cylinder surface.
To illustrate the topology of the mean flow separation from the surface of the cylinders
the time-averaged skin friction lines, also known as the limiting streamlines, are plotted in
Fig. 5.2. The limiting streamlines are calculated from the wall shear stress since no velocity
vectors are available at the surface due to no-slip condition. For the bare cylinder, the mean
skin friction lines can be seen to converge to a straight line along the span of the cylinder.
This indicates that the flow separation from the surface of the bare cylinder occurs with
a negligible spanwise variation. With the addition of fins a significant modification of the
flow separation topology can be evident in Fig.5.2 from the surface of the cylinders. The
converging line of the limiting streamlines on the surface of the finned cylinders shows
significant variation along the span of the cylinders. In particular delayed flow separation
occurs from the surface of the fins compared to the flow separation from the root cylinder
surface as evident in Fig. 5.2 (b), (c), (d). Moreover, the flow separation from the outer fin
surface delays further as the diameter ratio (Df /Dr) of the finned cylinders increases.
To further delineate the three dimensional flow separation from the finned cylinders, the
limiting streamlines are shown around a single fin in Fig. 5.2 (e), ( f ) and (g). In addition
to the flow separation from the root cylinder and outer fin surface, the topology of flow
separation from both sides of the fins is evident in Fig. 5.2. Moreover, the large Df /Dr finned
cylinders can be seen to provide greater surface area for the incoming flow to be attached on
the fin surface before it separates. It is instructive to look at how the variations in the flow
separation topology affect the introduction of vortices in the near wake from the surface of
the cylinders.
In an incompressible flow, the production of vorticity at the solid surface due to no-slip
condition is the only source of vorticity introduction in the flow [87]. The vorticity that is









Figure 5.2: Time averaged skin friction lines on the surfacee of the cylinders. (a) bare
cylinder, (b, c) Finned cylinder Df /Dr = 1.25, (d, e) Finned cylinder Df /Dr = 2, (f, g)
Finned cylinder Df /Dr = 2.5.
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generated at the solid surface is diffused into the flow and convected downstream by the
mean flow. The rate of vorticity production at the solid boundary and its diffusion into the
flow can be computed using boundary vorticity flux [90]. For an incompressible flow over a





n̂×∇P + ν(n̂×∇)×ω (5.1)
Where n̂ is the wall-normal unit vector. The first term on the right-hand side measures the
boundary vorticity flux caused by the tangential pressure gradient at the surface and the
second term arises as a result of the viscous effect. At high Reynolds number, the contribution
from the pressure gradient dominates and the viscous term can be neglected from Eqn. 5.1. In
the present study, the boundary vorticity flux is calculated using the wall-normal component
of the mean pressure gradient at the surface of the cylinders. As a result, the boundary
vorticity flux indicates the time-averaged efflux of vorticity from the surface to the flow. The
three components of the boundary vorticity flux (σx , σy , σz) on the surface of the cylinders
are plotted in Fig. 5.3 . As evident in the Fig. 5.3, the contribution of the streamwise vorticity
flux (σx) and the transverse vorticity flux (σy) at the surface of the bare cylinder is trivial.
On the contrary, the cylinder surface can be seen as the source of a significant amount of
spanwise vorticity. In particular, the surface injects a large amount of negative spanwise
vorticity with clockwise rotation into the flow before the separation occurs in the case of
the bare cylinder. This efflux of spanwise vorticity is then carried away by the separated
flow as well as the free-stream flow. The boundary vorticity flux on the surface of the finned
cylinders shows that significant production of secondary vortices occurs on the surface of
the finned cylinders as the magnitude of σx and σy are not trivial. However, the efflux of
the spanwise vorticity from the surface is dominant in the case of the finned cylinders as
well. Moreover, the flux of the streamwise and transverse vortices increases at the surface
of the finned cylinders with increasing Df /Dr .
The generation of secondary vortices on the surface of the finned cylinders can be
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Figure 5.3: Three components of the time averaged boundary vorticity flux at the surface of
the cylinders.
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comprehended from the nature of flow separation topology. According to Eqn. 5.1, the
tangential pressure gradient at the surface causes the production and diffusion of vorticity
near the surface. For the bare cylinder, the mean flow separation from the surface occurs with
a negligible variation of the location along the span as can be seen in Fig. 5.2. Therefore,
the magnitude of the resulting pressure gradient along the span of the cylinder ( ∂ P∂ z ) is
negligible. As a result, the efflux of σx and σy is trivial at the surface of the bare cylinder.
However, the spanwise variation of the flow separation from the surface of the finned
cylinders gives rise to pressure variation at the surface along the span of the cylinder. This
resulting spanwise pressure gradient ( ∂ P∂ z ) causes the creation and diffusion of streamwise
and transverse vorticity at the surface of the finned cylinders.
5.1.2 Three dimensional vortex structures
The instantaneous three dimensional vorticity field is visualized in Fig. 5.4 using the isosur-
face of constant Q criterion which is defined as the second invariant of the velocity gradient
tensor (∇u) [85]. The isosurface is colored by the normalized spanwise vorticity magnitude.
The vortical structures exhibit the existence of the alternate large scale von Karman vortex
shedding in the wake for all cases. The breakdown of the spanwise vortices due to the insta-
bility in the separated shear layer region can be evident downstream of the bare cylinder.
This indicates the transition from laminar to turbulent flow occurs inside the shear layer
which is expected at this Reynolds number. The presence of small scale structures in the
wake is also evident in Fig. 5.4 due to the distortion of the spanwise vortical structure as a
result of the 3− D instability as it propagates downstream.
For the finned cylinder with Df /Dr = 1.25, the presence of vortex breakdown is visible
in the shear layer region along the span of the incipient spanwise vortex core. After the
detachment of the vortex, the presence of small scale structures in the wake arises similar
to the case of the bare cylinder. Further increase in the diameter ratio of the finned cylinder
to Df /Dr = 2 makes a conspicuous reduction in the dislocations in the shear layer region




Figure 5.4: Instantaneous three dimensional vortex structures illustrated using the iso surface
of the Q-criterion corresponding to the level Q = 1× 105. The iso surfaces are colored by
instantaneous spanwise vorticity magnitude.
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while the large vortex is forming along the span of the cylinder. Moreover, the density of
small scale structures in the near wake reduces compared to the bare cylinder and the finned
cylinder with Df /Dr = 1.25. A less distorted large scale vortex core containing positive
circulation is also evident in the wake of the finned cylinder with Df /Dr = 2. However, the
presence of hairpin vortices in the braid region of the large spanwise cores is evident in
Fig. 5.4. These hairpin vortices cause the dislocations of the spanwise vortex cores along its
span as they travel downstream. The vortical structures in the wake of the finned cylinder
with Df /Dr = 2.5 exhibit similar topology as the finned cylinder with Df /Dr = 2.
In Fig. 5.5 the iso-surface of the instantaneous streamwise vorticity (ωx D/U∞ = ±6) in
the wake of the cylinders are shown. As found in the section. 5.1.1 the streamwise vorticity
flux at the surface of the bare cylinder is negligible. However, a significant presence of
streamwise vorticity in the instantaneous flow field can be evident in Fig. 5.5 downstream
of the bare cylinder. These streamwise vortices in the wake of a bare cylinder originate
as a result of the three dimensional instability in the separated shear layer as well as the
distortion of the spanwise vortices [91]. These streamwise vortices interact with the primary
spanwise vortices and cause the breakdown of the spanwise vortex core along the span. This
is consistent with three dimensional vorticity field observed downstream of the bare cylinder
in Fig. 5.4. For the finned cylinders, the three dimensional flow separation creates a flux
of streamwise vortices at the surface as found in the section. 5.1.1. Indeed, the isosurfaces
of the streamwise vortices show the existence of counter-rotating structures emanating
from the surface of the finned cylinders and extend towards the wake. To obtain a more
clear illustration of the streamwise structures, the isosurface of ωx around a single fin for
each case is shown in the second column of Fig. 5.4. The presence of a similar type of
streamwise structures at the surface of the cylinder with a single step has also been reported
in the literature which is known as edge vortices [33, 34]. For the finned cylinder with
Df /Dr = 1.25, the instantaneous edge vortices from the surface do not extend beyond the
trailing edge of the cylinder. The streamwise vortices that appear later are quite similar
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Figure 5.5: Iso surface of the instantaneous streamwise vortex structures in the wake and
around the cylinders. Red: ωx = 6, Blue: ωx = −6.
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to that of the bare cylinder and their origin can be attributed to the three dimensional
instabilities. As a result of the flow field in the near wake still exhibits a chaotic pattern.
For the finned cylinders with Df /Dr = 2 and 2.5, the streamwise edge vortices can be seen
to penetrate further downstream from the trailing edge of the cylinder towards the shear
layer region. Moreover, the random streamwise structures can be seen to be diminished
in the near wake of the finned cylinders with increasing Df /Dr . These observations are in
agreement with the enhanced uniform flow development along the span of the large Df /Dr
finned cylinders.
To understand the role of the streamwise edge vortices in the near wake flow development
it is instructive to examine their presence in the time-averaged flow field. In Fig. 5.6, the
time-averaged streamwise vorticity field is shown at several streamwise locations. For the
finned cylinder with Df /Dr = 1.25, the existence of the mean streamwise edge vortices at
both edges of the fins are clearly visible. However, the edge vortices become weaker at the
subsequent streamwise locations towards the downstream direction and no traces of the
edge vortices can be observed at x/De f f = 0.75 and x/De f f = 1. For the finned cylinder with
the Df /Dr = 2 pronounced increase in the vorticity concentration of the edge vortices on
both sides of the fins can be evident in Fig. 5.6 (e- f ). At x/De f f = 0.25 significant presence
of the streamwise vortices in the channel between the fins can also be observed compared
to that of the finned cylinder with Df /Dr = 1.25. This is in agreement with the higher
streamwise vorticity flux observed at the surface of this finned cylinder in Fig. 5.3. Moreover,
the subsequent streamwise locations towards the downstream direction contain a significant
concentration of the edge vortices and can be visible even at x/De f f = 1. The sustenance of
the edge vortices downstream of the cylinder can be attributed to the increased production
of the edge vortices at the fin surface in between the channel of the fins. The vortices that
are generated at the top edge of the fins entrains the vortices with similar circulation which
is generated in the channel between fins. As a result, the strength of the edge vortices
increases which then extends downstream beyond the trailing edge of the cylinder. Once the
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Figure 5.6: (Top row) Instantaneous streamwise vorticity at the streamwise location
x/De f f = 0.75 and 1.0. Time averaged streamwise vorticity contour at several stream-
wise locations downstream of the finned cylinders, (a-d) Finned cylinder Df /Dr = 1.25,
(e-h) Finned cylinder Df /Dr = 2, (i-l) Finned cylinder Df /Dr = 2.5.
NU M E R I C A L S T U D Y O F F L O W D E V E L O P M E N T A R O U N D F I N N E D C Y L I N D E R S . 95
edge vortices go past the cylinder their strength starts to decrease as can be seen from the
vorticity field at the streamwise locations x/De f f = 0.75 and x/De f f = 1. This is expected
since vorticity entrainment does not occur downstream of the cylinder. Further increase
in Df /Dr resulted in stronger edge vortices downstream of the cylinder as a result of the
enhanced vorticity generation in the channel between the fins. The presence of the array of
streamwise edge vortices in the near wake of the finned cylinders has a significant effect on
the flow development. In Fig. 5.7 the isosurface of the total mean velocity corresponding to
U = 1.3 of U∞ is shown downstream of the finned cylinders. In Fig. 5.7 (a), (b) and (c),
the mean streamwise vorticity contour at x/De f f = 0.75 is also shown. As can be seen from
Fig. 5.7, the isosurfaces exhibit alternating valley and ridge type patterns along the span due
to the presence of the array of streamwise vortices. This is more pronounced in the case of
the large Df /Dr finned cylinders since the vortices become stronger in that region. Moreover,
a region of accelerated jet type flow emanating from the channel between the fins can be
evident in the Fig. 5.7 (d), (e) and (f). The occurrence of flow acceleration is attributed to
the boundary layer development at both sides of the channel between the fins. Increasing
the Df /Dr of the finned cylinders increases the height of the channel between the fins and
as a result, the region of accelerated flow enlarges. To understand the link between the
streamwise vortices and the formation of the alternating valley and ridge type pattern, the
mean total velocity contour at the streamwise location x/De f f = 0.75 is shown along with
the isosurfaces. As can be seen from the velocity contour downstream of the finned cylinder
with Df /Dr = 2, the high-velocity fluid penetrates more towards the wake centerline in the
ridge region. This occurs due to the presence of consecutive counter-rotating streamwise
vortices which entrain high-velocity fluids and push it towards the wake centerline which
is known as the downwash flow. The intensity of the downwash flow becomes higher with
increasing the Df /Dr of the finned cylinders and barely visible in case of the finned cylinder
with Df /Dr = 1.25. This results in a lower velocity deficit and faster velocity recovery along
the wake centerline in the near wake of the large Df /Dr finned cylinders.









Figure 5.7: Iso surface of the time averaged total velocity corresponding to the level U/U∞ =
1.3 around the cylinders. The planar mean streamwise vorticity contour in the first row and
mean total velocity contour in the second row corresponds to the location x/De f f = 0.75.
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Figure 5.8: Time averaged streamwise velocity along the wake centerline downstream of
the finned cylinders.
5.2 Mean structural loading and pressure distribution near
the cylinder
In this section, the characteristics of the structural loading as a result of the change in
flow characteristics around the finned cylinders with different diameter ratios Df /Dr are
discussed. The drag and lift force coefficients of the finned cylinders are compared with
that of a bare cylinder as well. The drag and lift force coefficients are estimated using the
expressions in Eqn. 5.2 and Eqn. 5.3, respectively.
CD =
FD




1/2ρU2∞De f f L
(5.3)
Where FD and FL are the drag force and the lift force acting on the surface of the cylinders,
respectively. In Fig. 5.9 the temporal evolution of the drag and lift force acting on the finned
cylinders along with the bare cylinder is shown. The time (t) is represented as dimensionless
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quantity using the free stream velocity U∞ and effective diameter De f f . For each cylinder
case, the time traces of Cd and Cl are shown for 100 nondimensional time units after the
solution reached a steady state statistically. The amplitude of the fluctuating lift force acting
on the bare cylinder and the finned cylinder with Df /Dr = 1.25 exhibits significant variations
over the time duration. The reason for this is attributed to the dislocations of the vortices in
the shear layer region due to three dimensional instabilities as described in section. 5.1.2.
These instabilities create a phase difference of the vortex shedding along the span of the
cylinder which causes the momentary reduction of the lift force amplitude. In contrast, the
time traces of the fluctuating lift force acting on the finned cylinder with Df /Dr = 2 and
2.5 show a more consistent amplitude during the period. This is in agreement with the
reduction in three dimensional nature of the flow development observed in section. 5.1.2
downstream of the large Df /Dr finned cylinders. The amplitude of the RMS of the fluctuating
lift coefficients acting on the cylinders is summarized in Table.5.1. The RMS lift coefficient
in the case of the finned cylinder with Df /Dr = 1.25 increases significantly compared to that
of the bare cylinder. However further increase in the diameter ratios of the finned cylinder
results in the comparable magnitude of the RMS lift coefficients. The higher fluctuating lift
force acting on the finned cylinders stems from the reduction in the vortex formation length
downstream of the cylinders.
The drag force coefficient acting on the surface of the bare cylinder is found to be
fluctuating around a mean value of 1.07 for the time duration shown in Fig. 5.9 (a). With
the addition of the fins with Df /Dr = 1.25 the magnitude of the fluctuating drag coefficient
increases compared to that of the bare cylinder. The time-averaged drag coefficient in case
of the finned cylinder with Df /Dr = 1.25 is found to be 1.41 which is approximately 32%
higher than the bare cylinder. With increasing diameter ratio Df /Dr of the finned cylinders
the amplitude of the mean drag coefficient increases further and reaches a value of 1.71 in
case of the finned cylinder with Df /Dr = 2.5.
To understand the observed variations in the drag force coefficients it is instructive to
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Figure 5.9: Time traces of the drag and lift force coefficients acting on the surface of the
cylinders. (a) bare cylinder, (b) Finned cylinder Df /Dr = 1.25, (c) Finned cylinder Df /Dr = 2,
(d) Finned cylinder Df /Dr = 2.5.
Cd Clrms
Bare cylinder 1.07 0.151
Finned cylinder IV Df /Dr = 1.25 1.40 0.304
Finned cylinder I I Df /Dr = 2 1.60 0.314
Finned cylinder I I I Df /Dr = 2.5 1.71 0.325
Table 5.1: Statistics of the drag and lift force coefficients.
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look at the mean pressure field in the near wake. The mean pressure field downstream
of the finned cylinders at the vertical plane at spanwise locations z/p = 0.5 and z/p = 0
along with the bare cylinder is shown in Fig. 5.10. The mean pressure is represented in






Where P is the time-averaged pressure field and P∞ is the time-averaged pressure at the
inlet of the domain. The mean pressure field exhibits maximum value at the stagnation
point of each cylinder. The pressure becomes significantly less than the free stream pressure
inside the re-circulation region of the cylinders as illustrated by the lower Cp value in that
region in Fig. 5.10. Outside the re-circulation zone, the pressure starts to recover which
is reflected in the increasing Cp value. The mean pressure field downstream of the finned
cylinder with Df /Dr = 1.25 exhibits similar topology as the bare cylinder. However, the
pressure becomes significantly lower downstream of the finned cylinder with Df /Dr = 1.25
than that of the bare cylinder. With increasing Df /Dr the topology of the pressure field
downstream of the finned cylinders exhibits concentrated low-pressure region. Moreover,
the mean pressure recovery inside the re-circulation becomes higher downstream of the
finned cylinder with increasing Df /Dr . Another observation to note is the extension of the
significant pressure deficit near the wake centerline (y=0) towards far wake in case of large
Df /Dr finned cylinders. This occurs as a result of more coherent and strong vortex shedding
in the wake.
The radial distribution of the mean pressure coefficient along the surface of the finned
cylinders at both the center of the spacing between the fins (z/p = 0.5) and center of the
fin (z/p = 0) near the midspan of the cylinders are shown in Fig. 5.11. The distribution
of Cp around the bare cylinder is also plotted along with each case as a reference. The
angle is calculated based on the reference at the stagnation point with increasing towards




































(d) Df/Dr = 2, z/p = 0.5 (e) Df/Dr = 2, z/p = 0













(f) Df/Dr = 2.5, z/p = 0.5
−1 0 1 2 3 4 5
x/Deff
(g) Df/Dr = 2.5, z/p = 0
−2.0 −1.5 −1.0 −0.5 0.0 0.5 1.0
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Figure 5.10: Mean pressure coefficient (Cp) field downstream of the cylinders. (a) bare
cylinder, (b, c) Finned cylinder Df /Dr = 1.25, (d, e) Finned cylinder Df /Dr = 2, (f, g) Finned
cylinder Df /Dr = 2.5.
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Figure 5.11: Distribution of mean pressure coefficients around the finned cylinders. (a)
Finned cylinder Df /Dr = 1.25, (b) Finned cylinder Df /Dr = 2, (c) Finned cylinder Df /Dr =
2.5. (d) Comparison of the base pressure coefficients at root diameter among the cylinders.
the base of the cylinder. As can be seen from Fig. 5.11 (a), (b), (c), the Cp value starts to
decrease abruptly from the maximum value at stagnation until it reaches a minimum value
around the bare cylinder. This results in a favorable pressure gradient and the flow near
the cylinder accelerates over this region. The pressure starts to increase again as the flow
starts to decelerate near the surface of the cylinder. However, the adverse pressure gradient
causes the boundary layer to separate from the cylinder surface and the Cp value becomes
almost constant until it reaches the base of the cylinder. The overall distribution of the Cp
around the finned cylinders exhibits similar topology. The Cp value at the stagnation of the
root cylinder in between the fins is seen to be less than 1 in the case of the finned cylinders
with Df /Dr = 2 and 2.5.
This implies the flow in between the fins deflected around the cylinder before it stopped
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completely at the stagnation point of the root cylinder. For each finned cylinder, the minimum
value of Cp around the root cylinder is found to be of comparable magnitude to that of the
bare cylinder. Moreover, the minimum of the Cp value around the surface of the root cylinder
occurs at a similar location as that of the bare cylinder. In contrast, the distribution of Cp
around the surface of the fin exhibits different topology. For all of the finned cylinders, the
minimum of the Cp can be seen to occur at a higher angle (θ) than that around the root
cylinder. This stems from the delayed flow separation at the surface of the fins as observed
in section. 5.1.1. Furthermore, the occurrence of the minimum Cp is delayed around the
fin surface with increasing Df /Dr as a result of the delayed flow separation. However, the
magnitude of Cp value at the base of the root cylinder and the fin converges to similar value.
It is of interest to compare the value of Cp at the base of the cylinders which is known
as the base pressure coefficient (Cpb). The Fig. 5.11 shows the base pressure coefficient
(Cpb) for all the cylinders. Since the base pressure coefficient at the root cylinder and fin
surface is of comparable magnitude, only the value at the root cylinder is shown in the case
of the finned cylinders. The base pressure coefficient for the bare cylinder is found to be
approximately 1.01. For the finned cylinder with Df /Dr = 1.25 the base pressure coefficient
decreases to a value of approximately −1.252. This decrease in the base pressure coefficients
indicates higher suction at the rear side of the cylinder. As a result, the drag force coefficient
increases significantly in the case of the finned cylinder with Df /Dr = 1.25. With increasing
Df /Dr of the finned cylinders the base pressure coefficient is seen to increase in Fig. 5.11.
This implies a decrease in suction at the rear of the large Df /Dr finned cylinders. However,
the drag force coefficient also found to be higher for the finned cylinders with large Df /Dr
which is contradictory with the increase in base pressure coefficient. This paradox can be
explained by considering the different components that contribute to the drag force. The
drag force acting on the cylinder is a combination of the surface pressure force acting along
the streamwise direction and the wall shear stress as a result of the viscous effect. Therefore,
the total drag coefficient (CD) can be divided into a pressure drag coefficient (CDP) and the
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coefficient due to viscous drag. In the present study, the pressure drag coefficient (CDP) is







Where nx is the surface normal along the streamwise direction. The resulted pressure drag
coefficient (CDP) along with the total drag coefficient for the finned cylinders is shown in
Fig. 5.12. The shaded region denotes the contribution of the viscous drag. The solid line
denotes the total drag coefficient and the dashed line denotes the pressure drag coefficient
(CDP) in the case of the bare cylinder. For the bare cylinder, the pressure drag is found to be
almost 96% of the total drag. This indicates a negligible effect of the viscous drag in the case
of the bare cylinder. The pressure drag coefficient increases significantly in the case of the
finned cylinders as expected as a result of the increase in suction at the rear of the cylinder.
However, with increasing Df /Dr of the finned cylinders the pressure drag coefficient remains
unchanged. Further increase in the magnitude of the total drag coefficient can be seen to be
contributed by the viscous drag as can be seen from the increasing area of the shaded region
in Fig. 5.12. This is in agreement with the skin friction line topology found at the surface
of the finned cylinders in section. 5.1.1. The skin friction lines computed from the wall
shear stress showed that the surface area over which flow remains attached enhances with
increasing Df /Dr of the finned cylinders. This causes a higher magnitude of skin friction on
the surface of the large Df /Dr finned cylinders which increases the viscous drag acting on it.
5.2.1 Summary
The three dimensional flow development over the finned cylinders with a range of diameter
ratios 1.25≤ Df /Dr ≤ 2.5 in cross-flow is studied using numerical simulations. The instan-
taneous vorticity fields exhibit more uniform flow development along the span in the shear
layer region downstream of the finned cylinders with increasing diameter ratio Df /Dr . This
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Figure 5.12: Mean total drag coefficient along with the contribution from the pressure drag
for the finned cylinders along with the bare cylinder.
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enhance organization of the flow in the near wake of the large Df /Dr finned cylinders are
found to be linked with the reduction of the random streamwise vortices originated from
three dimensional instability. Instead, the near wake of the large Df /Dr finned cylinders
are found to be dominated by the presence of streamwise edge vortices originated from
the surface of the cylinders. These edge vortices form as a result of the three dimensional
flow separation from the surface of the fins. The array of streamwise edge vortices in the
near wake of the finned cylinders with large Df /Dr induces downwash flow which results in
higher entrainment of the free stream fluid in the base region of the cylinders. As a result,
the velocity deficit at the wake centerline becomes lower inside the re-circulation zone of
the finned cylinders with increasing Df /Dr .
The results of the structural loading acting on the cylinders reveal that the fluctuating
RMS of the lift force coefficient of the finned cylinders increases significantly compared to
the bare cylinder. This high value of lift force occurs as a result of shorter vortex formation
length downstream of the finned cylinders. The increase in Df /Dr does not increase the
RMS lift value significantly. However, the fluctuations become more periodic with consistent
amplitudes due to a reduction in three-dimensionality. The mean drag acting on the finned
cylinders is found to be higher than the bare cylinder. Moreover the increasing Df /Dr of
the finned cylinders resulted in the higher drag coefficient. The initial increase in drag of
the finned cylinders compared to the bare cylinder is found to be driven by the decrease in
the base pressure coefficient or higher suction acting on the cylinders. However, a further
increase in drag with an increasing diameter ratio of the finned cylinders is found to be
caused by the increase in the viscous drag as a result of higher skin friction on the cylinder
surface.
Chapter 6
Flow Excited acoustic resonance in the
wake of the cylinders
In this chapter, the Flow excited acoustic resonance in the case of the finned cylinders
with varying diameter ratios are investigated. The aeroacoustic response measurement is
performed for all the cylinders using a single microphone attached at the top wall of the
test section. The dominant frequency of the acoustic pressure fluctuations and the RMS
acoustic pressure are extracted at each flow velocity to obtain the aeroacoustic response.
Phase-locked PIV measurements are performed during resonance at the eight phases of the
acoustic pressure cycle. Finally, the distribution of the aeroacoustic sources and sinks in the
wake of the cylinders during resonance are obtained using Howe’s analogy. To compute the
aeroacoustic sources and sinks a hybrid method using the flow fields from the phase-locked
PIV and resonant sound field from the acoustic FEA analysis is employed.
6.1 Aeroacoustic response
In this section, the results of the aeroacoustic response measurements in the case of the finned
cylinders along with the bare cylinder are discussed. In Fig. 6.1 (a) and (b) the spectrogram
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Figure 6.1: Spectrogram of the recorded acoustic pressure signal in case of the bare cylinder
(a) before resonance (b) during resonance
of the acoustic pressure fluctuations before and during the acoustic resonance recorded at
the location of the acoustic pressure anti-node of the first acoustic cross mode is shown,
respectively. At the free stream flow velocity U∞ ≈ 40m/s, presence of two distinct frequency
peak with high spectral energy can be evident in Fig. 6.1 (a). The dominant frequency of
the acoustic pressure fluctuations at this flow velocity is found to be f = 435 Hz. This
corresponds to the Strouhal number of St ≈ 0.2 which is associated with the vortex shedding
in the wake of the bare cylinder as reported in the literature. However, the spectral energy
is distributed around the peak frequency indicating temporal variations of the fluctuation
occurs over a band of frequency around the peak. Another dominant frequency at f = 670 Hz
with lower amplitude can be seen in Fig. 6.1 (a). This corresponds to the natural frequency
of the first acoustic cross-mode of the duct. At U∞ = 67 m/s, one pronounced peak at the
natural frequency of the acoustic mode is evident in the spectrogram of the acoustic pressure
fluctuations. Moreover, the temporal variations of the acoustic pressure fluctuations occur
consistently around the peak frequency. This implies enhanced periodicity of the acoustic
pressure fluctuations during resonance.
The aeroacoustic response describes the variation of the dominant frequency and the
acoustic pressure level with a change in flow velocity. A spectral map is shown in Fig. 6.2
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to illustrate the simultaneous variations of the dominant frequency and the amplitude of
the acoustic pressure fluctuations over a range of flow velocity between 27< U∞ < 95 m/s.
The spectral map is obtained from the Power spectral density estimate of the microphone
time signal recorded downstream of the bare cylinder for the range flow velocity. At lower
flow velocity the amplitude of the PSD of the acoustic pressure fluctuations remains low.
With increasing flow velocity the amplitude of the PSD can be seen to increase and the
frequencies associated with it also increases. The dominant frequency is found to increase
linearly with increasing flow velocity following the line corresponding to Strouhal number
St ≈ 0.2 in Fig. 6.2. This Strouhal number is associated with the vortex shedding and agrees
with the value found in the wake of a bare cylinder in cross-flow. The spectral map in Fig. 6.2
exhibits a pronounced region of high amplitude Power Spectral Density (PSD) of the acoustic
pressure fluctuations around the frequency 670 Hz. This sudden increase in the amplitude
is associated with the initiation of the acoustic resonance excitation. The excitation occurs
when the dominant vortex shedding frequency of the pressure fluctuation approaches near
the natural frequency of 670 Hz and as a result, acoustic standing wave forms inside the
duct. Following the excitation of the resonance, a feedback mechanism initiates t. This
feedback mechanism causes the sudden increase in the amplitude of fluctuating pressure
inside the duct which can exceed the dynamic head of the flow as reported in other studies
[12, 13, 51]. This state of acoustic resonance is self-sustained over a range of flow velocity
between 63 m/s to 75 m/s and the dominant frequencies of the acoustic pressure signal
locks-in to the value of the natural frequency of 670 Hz, in agreement with the observations
for several other cases in literature [7, 13, 60].
To delineate the aeroacoustic response of the bare cylinder, the dominant frequency of
the acoustic pressure fluctuations at each flow velocity and the corresponding amplitude of
the RMS acoustic pressure are extracted and shown in Fig. 6.3 (a). This plot in Fig. 6.3 (a)
exhibits more clearly the linear progression of the dominant vortex shedding frequency and
the associated RMS acoustic pressure with the increasing flow velocity. The aeroacoustic
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Figure 6.2: Spectral map of the acoustic pressure signals recorded for a range of flow velocity.
response of the investigated finned cylinders are shown in Fig. 6.3 (b), (c) and (d). For all
the finned cylinders the overall response is similar to that observed in the case of the bare
cylinder. In particular, the dominant frequency increases linearly until it reaches closer to
the natural frequency of the first acoustic mode. Excitation of resonance can be seen to
be initiated followed by frequency ’lock-in’ and sudden increase in RMS acoustic pressure
level. The linear fit through the dominant frequencies outside the lock-in range resulted
in a Strouhal number value of St ≈ 0.205± 0.005 for the finned cylinders. This implies
that the excitation of the resonance occurs as a result of the periodic vortex shedding in the
wake. Although the general response is similar among the cylinders, notable changes occur
to the sound pressure generated during resonance and the period over which the resonance
is materialized.
To compare the aeroacoustic response of different finned cylinders, the acoustic pressure
is presented in a normalized form P∗ to account for the different input kinetic energy available
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Figure 6.3: Aeroacoustic response of all the investigated cylinders. (a) Bare cylinder (b)
Finned cylinder I (Df /Dr = 1.5), (c) Finned cylinder II (Df /Dr = 2) (d) Finned cylinder III
(Df /Dr = 2.5)
where M is the Mach number of the mean flow at the inlet. The flow velocity is normalized





Fig. 6.4 presents the aeroacoustic response of the investigated finned cylinders along
with the bare cylinder with the same effective diameter (De f f ). The dominant frequency ( f )
for each case is normalized by the natural frequency of the first acoustic mode fa. The vortex
shedding frequency for each case fν increases linearly with the increase in the normalized
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flow velocity Ur until the resonance is excited and the ’lock-in’ condition is initiated. Close
inspection of Fig. 6.4 (a) exhibits a similar value of the normalized frequencies among the
cylinders in the lower velocity range. However, a slight increase in the frequency values
before the resonance and following the exit of the lock-in until the maximum velocity range
is evident for the finned cylinder cases compared to the bare cylinder. Fig. 6.4 (b) shows
that the excitation of acoustic resonance for all the finned cylinder cases initiated at a lower
reduced flow velocity compared to that of the bare cylinder. For the finned cylinder cases, the
onset of the excitation of the acoustic resonance exhibits a gradual decrease from Ur = 4.73
to Ur = 4.62 with increasing the diameter ratio from Df /Dr = 1.5 to 2.5. Moreover, the
frequency response in Fig. 6.4 (a) also exhibits an earlier exit of the frequency from the
’lock-in’ state in case of the finned cylinders resulting in a much shorter ’lock-in’ period for
the finned cylinders compared to that of the bare cylinder.
Although the flow-acoustic coupling is sustained over a shorter range of flow velocity
for the finned cylinder cases, Fig. 6.4 (b) shows that the peak amplitude of P∗ reaches a
higher value than that for the bare cylinder. The increase in the diameter ratio of the finned
cylinder from Df /Dr = 1.5 to 2 results in an increase of the normalized acoustic pressure
generated during the resonance to a value of P∗ = 2.51. However, a further increase in the
diameter ratio from Df /Dr = 2 to 2.5 results in a decrease of the peak normalized pressure
to P∗ = 2.05 at its peak value during resonance excitation.
The aeroacoustic response for all the cases indicates that the excitation of resonance
occurs due to periodic vortex shedding. Therefore, the variations observed in the aeroacoustic
response for different cylinders imply a change in the vortex shedding characteristics in
the wake. The vortex shedding characteristics at Reynolds number Re = 2× 104 showed
that the vortex shedding strength in the wake of the finned cylinder increases significantly
compared to the bare cylinder. This increase in vortex strength is expected to excite strong
acoustic resonance in the case of the finned cylinders compared to the bare cylinder which
is reflected on the aeroacoustic response. Moreover, the strength of the vortices is found to
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Figure 6.4: Comparison of the (a) normalized frequency ( f / fa) and (b) normalized acoustic
pressure (P∗) among the cylinders. ( ) Bare cylinder, ( ) Finned cylinder I Df /Dr = 1.5, ( )
Finned cylinder II Df /Dr = 2.0, ( ) Finned cylinder III Df /Dr = 2.5.
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increase with the increasing Df /Dr from 1.5 to 2. As a result, the sound pressure generated
during resonance also increases as observed in the aeroacoustic response. However, the
vortex strength was found to be almost unchanged with increases in Df /Dr from 2 to 2.5.
This is likely the cause that inhibits the increase of the sound pressure generated during
resonance with increasing Df /Dr . Furthermore, the vortex shedding is found to become
more periodic in the wake of the finned cylinders. Also, the coherent velocity fluctuation
is found to enhance in the wake of the finned cylinders with increasing Df /Dr . As a result,
the flow becomes more susceptible to initiate the acoustic resonance excitation at lower
flow velocity. To further elucidate some of the characteristics observed for the aeroacoustic
response, it is instructive to look into the vortex shedding characteristics during acoustic
resonance excitation.
Next, the phase-resolved flow field characteristics are discussed to provide insight into
the vortex shedding characteristics and their influence on the excitation of the acoustic
resonance. The periodic characteristics of the acoustic field and vortex shedding occur at
the same frequency during the state of lock-in. Therefore, phase-resolved flow fields are
investigated at eight uniformly spaced phases with respect to the phase of the acoustic
pressure cycle to identify the effect of diameter ratios Df /Dr on the characteristics of the
flow over the corresponding vortex shedding cycle. During resonance, vortices in the wake
of the cylinder act as a source that transfers the acoustic energy from the flow field to the
acoustic field. Therefore, it is instructive to study the vorticity field to get insight into the
flow characteristics in the wake of the cylinders during resonance.
The phase-resolved vorticity fields downstream of the bare cylinder are shown in Fig. 6.5.
The vortex structure is identified using the λ2 criterion, in which the vortex is bounded by
a selected negative value of λ2. λ2 is defined as the value of the second eigenvalue of the
tensor Si jS jk +Ωi jΩ jk [86], where Si j is the strain rate tensor and Ωi j is the rotation rate
tensor. The black contours in the Fig. 6.5 bounds the coherent vortex structures according to
λ2 ≤ 0.01. Fig. 6.5 shows that vortices are generated and sheds two times over eight phases
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of the acoustic cycle from the alternating shear layer downstream of the cylinder. During
the first half of the cycle, vortices roll up in the shear layer to form a vortex core over the
phase φ = 0◦ and φ = 45◦. The vortex detaches from the shear layer at φ = 90◦ of the cycle
and convects downstream.
In Fig. 6.6 the phase-resolved vorticity field in the wake of the finned cylinder with
Df /Dr = 2 is shown. The addition of fins around the bare cylinder inflicts significant changes
in the wake vortex structure during resonance. In particular, vortex cores form closer to the
cylinder compared to that of the bare cylinder. The reduction of vortex formation length
can also be evident by the existence of a higher number of vortex cores in the wake of the
finned cylinder within the same downstream length compared to a bare cylinder. Moreover,
vorticity content within the bounding contour region is more pronounced as can be seen
in Fig. 6.6, indicating an increased strength of the vortices. The acoustic particle velocity
magnitude is higher close to the cylinder and it is gradually weakened further away from the
cylinder. Therefore, formation of stronger vortex close to the cylinder will result in higher
energy transfer from the flow field to acoustic field as predicted by the aeroacoustic analogy
[15].
The vortex structure in the wake of the finned cylinder cases with different diameter
ratios Df /Dr along with the bare cylinder corresponding to the phases φ = 0◦ and φ = 180◦
are shown in Fig. 6.7. The increase in diameter ratio from Df /Dr = 1.5 to 2.5 causes the
vortex shedding to occur close to the cylinder as evident in Fig. 6.7. As a result, the number
of vortex cores in the wake increased from three to four with increasing the Df /Dr from
1.5 to 2.5. According to the aeroacoustic analogy [15], the vortices in the wake that pass
through the resonant sound field interacts with the acoustic field and act as sound source
or sink. Therefore, an enhanced presence of vortex cores in the wake is likely to affect the
aeroacoustic energy transfer in the wake. It is instructive to compare the aeroacoustic energy
transfer to understand the flow-sound interaction during resonance which will be discussed
in next section.
F L O W EX C I T E D A C O U S T I C R E S O N A N C E I N T H E WA K E O F T H E C Y L I N D E R S 116
Figure 6.5: Phase averaged vorticity field at the eight phase of the acoustic pressure cycle in
the wake of the bare cylinder.
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Figure 6.6: Phase averaged vorticity field at the eight phase of the acoustic pressure cycle in
the wake of the Finned cylinder II, Df /Dr = 2.0.
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Figure 6.7: Comparison of the phase averaged vorticity field in the wake of the cylinders at
phase φ = 0◦ and φ = 180◦. (a-b) Bare cylinder (c-d) Finned cylinder I (Df /Dr = 1.5), (e-f)
Finned cylinder II (Df /Dr = 2) (g-h) Finned cylinder III (Df /Dr = 2.5).
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6.2 Aeroacoustic energy transfer in the wake during reso-
nance
The aeroacoustic energy transfer between the flow and the acoustic field of the standing wave
can be quantified using Howes analogy [15]. Howe [15] showed that the instantaneous
acoustic power Π is dependent upon the instantaneous flow velocity ~U , vorticity ~ω and
acoustic particle velocity ~ua according to Eqn. 6.3.
Π= −ρ
∫
~ω · ( ~ua × ~U)d∀ (6.3)
Where ρ is the density of the acoustic medium. This approach has been implemented to
obtain the region of sound sources and sinks in the cases of side branches [92], cylinders
[58, 93], and cavities [94, 95] during resonance. The methodology to compute the spatial
distribution of the sources and sinks is shown in Fig. 6.8. A hybrid experimental and
numerical method is used in which the acoustic pressure (Prms) is measured during resonance
excitation. The velocity (~u) and vorticity ( ~ω) fields are obtained at eight phase of the acoustic
pressure cycle using PIV measurements. The planar distribution of acoustic particle velocity
is calculated using finite element analysis as described in section 3.5.4. The acoustic particle
velocity lags the acoustic pressure by a phase of 90◦. Therefore, the acoustic particle velocity
field is multiplied by appropriate factor to obtain the distribution corresponding to the phase
of the acoustic pressure cycle.
The instantaneous acoustic power distribution using the method described above is
shown in Fig. 6.9 for the case of a bare cylinder and finned cylinder with Df /Dr = 2 at phase
φ = 0◦. The acoustic particle velocity field exhibits maximum upward distribution at this
phase. As evident in Fig. 6.9 (a) and (b), the higher acoustic particle velocity magnitude
occurs close to the cylinder surface. Therefore, the aeroacoustic coupling produces the
highest rate of acoustic power in this region. The corresponding vorticity field is shown in
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Figure 6.8: The methodology used for the computation of the aeroacoustic energy transfer
using Howe’s analogy.
Fig. 6.9 (c) and (d). The acoustic power is calculated using the expression in Eqn. 6.3 and
the distribution is shown in Fig. 6.9 (e) and (f). The positive vorticity contours denotes the
region where acoustic energy is produced and negative contours denotes the region where
acoustic energy is dissipated. The negative vorticity interacts with the acoustic field and acts
as a sound source as can seen in Fig. 6.9. The intensity of the acoustic source and sinks is
higher near the shear layer region and decreases as the vortices travels downstream. The
aeroacoustic energy transfer and the source and sink distribution in the wake depends on
the phases of the acoustic pressure cycle. No instantaneous aeroacoustic energy transfer
occurs during the phase φ = 90◦ and 270◦ as the acoustic particle velocity magnitude is
zero.
The net aeroacoustic energy transfer over one acoustic pressure cycle can be obtained by
integrating the instantaneous acoustic power for the eight phases. In Fig. 6.10 (a)-(d), the
distribution of the net aeroacoustics sources and sinks in the wake of the cylinders is shown.
The distribution downstream of the bare cylinder shows a strong source from the shear layer
towards the vortex formation region. Moreover, there is a strong acoustic sink evident in the
shear layer region as well. In the wake there is an alternate distribution of the sources and
F L O W EX C I T E D A C O U S T I C R E S O N A N C E I N T H E WA K E O F T H E C Y L I N D E R S 121
Figure 6.9: Illustration of the acoustic particle velocity, vorticity field and the instantaneous
acoustic power at phase φ = 0◦. (a,c,e) Bare cylinder, (b,d,f) Finned cylinder II, Df /Dr = 2.0.
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sinks. This source and sink distribution agrees with the numerical results of Mohany and
Ziada [93] in case of a single bare cylinder. The net acoustic sources and sinks in the wake
of the finned cylinders cases shows distinct topology. The number of sources and sinks in
the wake of the cylinders increases as the diameter ratio (Df /Dr) increases from 1.5 to 2.5.
Moreover, the net acoustic sources and sinks with higher intensity is located in the wake of
the finned cylinder with Df /Dr = 2 compared to that of the Df /Dr = 1.5. However, with
increasing the Df /Dr to 2.5 the size and intensity of the acoustic sources and sinks in the
wake of the finned cylinder reduces. As a result the acoustic energy transferred from the
flow field to the acoustic field of the standing wave will be lower.
To quantify the net acoustic energy transfer from the flow field to the acoustic field
the net energy at each downstream location is integrated vertically within ±2 De f f . The
variation of the integrated acoustic energy for cylinder case along the downstream direction
is shown in Fig. 6.11 (a)-(d). There is a net positive energy transfer that occur from the flow
to acoustic field in the vicinity of the bare cylinder from the acoustics source. The net energy
transfer shows alternating positive and negative values due to the location of the sources
and sinks in the wake. For the finned cylinder with Df /Dr = 1.5 the net energy transfer
shows comparable magnitude to that of the bare cylinder. However, there is a pronounce
increase in the net energy transfer from the source near the base of the finned cylinder
with Df /Dr = 2. The net energy transfer from the sinks and source in the near wake also
increases. This higher energy exchange between the flow and acoustic field in the wake of
finned cylinder with Df /Dr = 2 indicates strong resonance excitation which agrees with the
aeroacoustic response. Further increase in the diameter ratio (Df /Dr) to 2.5 results in lower
energy transfer from the sources and sinks in the wake as evident in Fig. 6.11 (d). This is
in agreement with the generation of lower sound pressure during resonance in case of the
finned cylinder with Df /Dr = 2.5 compared to that of the finned cylinder with Df /Dr = 2.
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Figure 6.10: Distribution of the net acoustic sources and sinks in the wake of the cylinders.
(a) Bare cylinder (b) Finned cylinder I (Df /Dr = 1.5), (c) Finned cylinder II (Df /Dr = 2)
(d) Finned cylinder III (Df /Dr = 2.5).
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Figure 6.11: Integrated net energy transfer from the sources and sinks in the wake of the
cylinders. (a) Bare cylinder (b) Finned cylinder I (Df /Dr = 1.5), (c) Finned cylinder II
(Df /Dr = 2) (d) Finned cylinder III (Df /Dr = 2.5).
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6.3 Summary
In this chapter, the aeroacoustic coupling during the flow excited acoustic resonance is
studied using phase-locked PIV measurements in the wake of a bare cylinder and three
finned cylinders with different diameter ratios Df /Dr . Although the cylinders have the same
effective diameter, the excitation of the acoustic resonance occurs at lower flow velocity and
the acoustic pressure generated during resonance is found to be higher for cases of finned
cylinders compared to that of a bare cylinder. Moreover, the range of flow velocity over which
the acoustic resonance is sustained in the case of finned cylinders is narrower compared to the
bare cylinder. Furthermore, changing the fin diameter to the root diameter ratio Df /Dr from
1.5 to 2 caused higher sound pressure generation during resonance. However, increasing the
Df /Dr from 2 to 2.5 resulted in lower acoustic pressure value during resonance. From the
phase-locked PIV measurements, changes in aeroacoustic response are found to be directly
related to changes in vortex shedding characteristics in the wake. The strength of the vortices
in the wake of the finned cylinders are higher than those in the wake of the bare cylinder.
Moreover, vortices form closer to the cylinder base in the wake of the finned cylinders with
increasing Df /Dr . This implies a significant effect of the flow between the fins on the wake
vortex shedding characteristics despite the constant blockage ratio of the used cylinders.
The net aeroacoustic energy transfer in the wake of the cylinders is quantified using Howe’s
acoustic analogy, calculated from the phase-resolved measurements of the flow field and
finite element simulation of the acoustic mode. The aeroacoustic sources and sinks in the
wake of the finned cylinders show distinct characteristics following the observed changes in
vortex shedding characteristics. For the finned cylinder with Df /Dr = 2.5, the net energy
transfer occurs at a lower rate compared to Df /Dr = 2, consistent with the lower measured
acoustic pressure amplitude, despite the formation of the vortices close to the cylinder base.
Chapter 7
Conclusions
7.1 Summary and conclusion
In the current study, extensive experimental measurements are performed to understand the
vortex shedding characteristics in the wake of the finned cylinders with different diameter
ratios Df /Dr . Planar PIV measurements at Reynolds number Re = 2.0/t imes104 revealed
distinct flow characteristics downstream of the finned cylinders. The increase in Df /Dr from
1.5 to 2.5 is found to reduce the extent of the re-circulation zone downstream of the finned
cylinder. Moreover, the velocity deficit inside the re-circulation is found to be lower in the
case of the finned cylinders with increasing diameter ratios Df /Dr . The shorter re-circulation
zone and lower velocity deficit indicate a high injection of free stream fluid in the base region
downstream of the large Df /Dr finned cylinder. The flow characteristics in the shear layer
region exhibit a notable difference among the finned cylinders. With increasing Df /Dr of the
finned cylinders the streamwise Reynolds stress in the shear layer as well as near the wake
centerline decreases substantially. The reason for this reduction in the streamwise Reynolds
stress is attributed to the reduction of the streamwise velocity gradient inside the shear layer.
Moreover, the reduced velocity gradient causes an increase in the vorticity thickness of the
shear layer for the large Df /Dr finned cylinder. The turbulence production in the shear layer
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region is also found to reduce significantly downstream of the large Df /Dr finned cylinder.
This is associated with the reduction of the random fluctuation in the shear layer region.
The vortex shedding the wake of the finned cylinder with increasing Df /Dr is found
to become more periodic which is deduced from the wake velocity spectrum. The phase-
resolved vorticity field revealed distinct topologies of the wake vortex dynamics for the finned
cylinders. Although the in-plane vorticity flux in the shear layer is found to be lower for the
large Df /Dr finned cylinders, the circulation of the wake vortices is found to be increased.
However, increasing Df /Dr from 2 to 2.5 does not result in higher vortex strength in the
wake of the finned cylinder. The Reynolds decomposition technique is used to obtain the
velocity fluctuation associated with the coherent and random fluctuation in the wake. The
random streamwise velocity fluctuation inside the shear layer is found to notably decrease
downstream of the finned cylinder compared to the bare cylinder. Moreover, the increase
in Df /Dr causes an increase in the coherent velocity fluctuation and kinetic energy in the
wake.
The numerical simulation provided additional insight into the three dimensional flow
development around the finned cylinders. The location of the flow separation from the
finned cylinder surface is found to vary along the span of the cylinder. This spanwise
variation resulted in secondary vorticity flux at the surface of the finned cylinders. More
uniform flow development in the shear layer region downstream of the finned cylinder
is found with increasing Df /Dr . This is in agreement with the reduction of the random
velocity fluctuation in the shear layer region downstream of the large Df /Dr finned cylinders.
Moreover, streamwise edge vortices originated from the surface of the finned cylinder is
found to dominate the near wake flow development downstream of the large Df /Dr finned
cylinders. These edge vortices form an array along the span of the cylinder and the strength
of the edge vortices increases with increasing Df /Dr . The array of streamwise edge vortices
in the near wake of the finned cylinders with large Df /Dr causes downwash flow which
injects high-velocity fluid from the free stream towards the wake centerline. As a result,
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the velocity deficit inside the re-circulation zone becomes lower downstream of the finned
cylinders with increasing Df /Dr .
The fluctuating RMS lift coefficient acting on the finned cylinders is found to be increased
significantly as a result of the reduction in the vortex formation length and increased vortex
strength. However, the increase in Df /Dr does not result in a significant increase in the RMS
lift value. The mean drag coefficient acting on the finned cylinders is found to be higher than
the bare cylinder as a result of the increase in the base suction coefficient. The increase in
Df /Dr also increases the mean drag coefficient. However, this increase in drag coefficient is
found to occur as a result of the increase in skin friction drag on the finned cylinder surface.
The excitation of the acoustic resonance for the finned cylinders with different ratios
and the bare cylinder is found to instigate by the periodic vortex shedding in the wake.
As a result, the vortex shedding characteristics in the wake is found to significantly affect
the aeroacoustic response of the cylinders. The excitation of resonance for all the finned
cylinders is found to occur at lower flow velocity than the bare cylinder. Moreover, the
increase in Df /Dr causes an earlier onset of the acoustic resonance. The occurrence of the
early resonance excitation in the wake of the finned cylinders is argued to be caused as a
result of the enhanced periodicity of the vortex shedding as well as the enhanced coherent
velocity fluctuations. The increased coherent fluctuation in the wake of the finned cylinders
is likely to cause an increase in the excitation energy needed to materialize the resonance at
lower flow velocity. The normalized acoustic pressure generated during resonance is found
to be significantly higher during resonance in the case of the finned cylinders compared to
the bare cylinder. The increase in acoustic pressure during resonance for the finned cylinders
is associated with the increase in the strength of the vortices in the wake than that of the bare
cylinder. The aeroacoustic energy transfer in the wake of the finned cylinder is found to be
higher due to the increased vortex strength and shorter formation length resulting in strong
acoustic resonance downstream of the finned cylinder. Among the finned cylinders, the
normalized acoustic pressure during resonance is found to increase initially with increasing
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Df /Dr from 1.5 to 2.0 due to the enhanced vortex strength. However, increasing the Df /Dr
from 2.0 to 2.5 does not increase the acoustic pressure generated during resonance due to a
reduced level of energy transfer in the wake.
7.2 Research contributions
This work provides several new findings that exhibit the significance of the diameter ratio of
the straight circular finned cylinder on the flow entrainment and vortex shedding in the wake
of the cylinder. Moreover, the findings amend the knowledge of flow sound interaction in the
wake of the finned cylinder during acoustic resonance excitation. The main contributions
offered by this work are:
1. The effect of diameter ratio or fin height on the flow development and flow-sound
interaction in the wake of the straight circular finned cylinders has been reported for the
first time. Moreover, the effect of the diameter ratio on the flow-excited acoustic resonance
is also presented.
2. A comprehensive three dimensional LES simulation is performed which revealed the
alternative mechanism of the flow entrainment in the near wake of the finned cylinders
through downwash flow induced by an array of streamwise edge vortices. Moreover, the flow
separation topology on the surface of the finned cylinders and its effect on flow entrainment
has been elucidated.
3. Using PIV measurement at the off-resonance condition the significance of the flow
entrainment on the vortex shedding characteristics in the wake of the finned cylinders has
been shown.
4. The phase-locked PIV measurement of vortex shedding characteristics and the aeroa-
coustic energy transfer in the wake of the finned cylinders during acoustic resonance excita-
tion has been performed for the first time. The consequence of the variation in the vortex
shedding characteristics due to the flow entrainment mechanism has found to reflect on the
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acoustic resonance excitation downstream of the cylinders.
7.3 Recommendations
Although extensive works have been carried out in the current study on flow development
around finned cylinders, based on his experience the author would like to recommend the
following works to further extend the state of the art.
1. In the current study, the flow development around the finned cylinders is investigated
for a range of diameter ratios with constant fin pitch and effective diameter. The flow
development is found to be significantly affected by the flow between fins due to change
in diameter ratios. The study can be further extended to investigate the effect of diameter
ratios on the flow development around the finned cylinder models with low fin density as
well as the nonuniform arrangement of the fins along the span.
2. The aeroacoustic energy transfer during resonance is obtained in the wake using
a hybrid method by combining Phase-locked PIV measurements and Acoustic FEA results.
However, the aeroacoustic energy transfer in the channel between the fins is not possible
to obtain due to the shortcoming of the experimental method. To obtain the aeroacoustic
coupling during resonance it is imperative to perform a numerical study using a computa-
tional aeroacoustics approach (CAA). With the increase in computational power, the three
dimensional CAA can be performed to understand the comprehensive aeroacoustic coupling
around the finned cylinders in the near future.
3. The current understanding of the flow sound interaction obtained from the isolated
finned cylinders can be extended to understand the flow sound interaction around the
arrangement of multiple finned cylinders.
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7.4 Publications
The followings are some of the published articles resulted from this work.
Conference proceedings:
1. Islam M R, Mohany A (2020). Large Eddy Simulation of flow past straight finned
cylinders. 12th International conference on Flow-Induced Vibration, 6-9 July, 2020, Paris-
Saclay. (abstract accepted)
2. Islam R, Shaaban M, Mohany A (2019). Phase-Locked PIV Measurements of Vortex
Shedding Characteristics Downstream of Straight Circular Finned Cylinders During Acoustic
Resonance. In proceedings of the ASME 2019 Pressure Vessels and Piping Conference July
14-19, 2019, San Antonio, Texas, USA.
3. Islam M R, Mohany A (2018), Aeroacoustics response of isolated straight finned
cylinders with different fin height in cross-flow. In proceedings of the 9th International Sym-
posium on Fluid-Structure Interactions, Flow-Sound Interactions, Flow-Induced Vibration
Noise July 8-11, 2018, Toronto, Ontario, Canada.
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In this section the experimental uncertainties associated with the PIV measurement per-
formed at Re = 2× 104 is discussed. Quantifying the uncertainties in the PIV measurements
is a challenging task. The random error associated with the PIV measurements stems from
various sources such as camera noise, difference in illumination between the frames, out of
focus particle, etc.. While the research has been ongoing to get better quantification of the
uncertainties in PIV measurements, no universal method is established for this purpose in
the research community [96]. The correlation statistics method proposed by Wieneke [97]
is found to be a robust technique for a posteriori uncertainty quantification of the instanta-
neous PIV measurements [96]. The correlation statistics method takes into account multiple
factors like background noise, particle disparity between frames, out of plane displacement,
etc. in the uncertainty quantification. In the present study, the PIV random errors of the
instantaneous vectors at each location are estimated using the correlation statistics method.
The maximum uncertainty of the streamwise flow velocity is found to be on average 6%
of U∞ in the near wake and 1.5% of U∞ in the free-stream using the correlation statistics
method. The contribution of the uncertainties of the instantaneous flow field to the statistical
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quantities is trivial for the present study since the magnitude of velocity fluctuation at each
spatial location is higher than the instantaneous random error. Therefore, the uncertainties
of the statistical quantities can be evaluated without the knowledge of the instantaneous
uncertainties [98]. The uncertainties of the statistical quantities are evaluated using the
procedure discussed in Sciacchitano and Wieneke [98]. Assuming the N number of PIV
flow fields are statistically independent the following equations are used to estimate the
uncertainties of the turbulent quantities.










Where σu and σv are the standard deviation of the streamwise and transverse velocity,
respectively.












Where Ruu and Rvv are the streamwise and transverse Reynolds stresses, respectively. The
estimated uncertainties corresponds to the confidence interval of 95%. The estimated
uncertainties of the statistical quantities are shown in Fig. A.1-A.4
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Figure A.2: uncertainty of the mean transverse velocity magnitude.
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Figure A.4: uncertainty of the mean transverse Reynolds stress magnitude.
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A.2 Other Quantities
The length of the re-circulation zone is estimated using the location where the mean velocity
reaches zero magnitude along the centerline. The uncertainty associated with the length
of re-circulation zone is evaluated by applying the uncertainties of the mean streamwise
velocity to the mean streamwise velocity field. The estimated uncertainty associated with
the extent of the re-circulation zone is found to be approximately 4%.
The frequency spectra of the velocity fluctuations are calculated using Welch’s modified
periodogram method [65]. The spectra are calculated using equal blocks of 20000 samples
with a 50% overlap and a frequency resolution of∆ f = 1 Hz. The corresponding resolution
of Strouhal number is found to be ∆St = 0.0012. The uncertainty corresponding to a
particular frequency is half the resolution which results in an uncertainty of the Strouhal
number of 0.0006. Therefore, the relative uncertainty associated with the Strouhal number
of the vortex shedding can be estimated as εSt ≈ 0.3%.
